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TWO-DIMIZllSIO~ S~ONIC DIT’l?uSERS

I& D. L. Cochran and S. J. Kline

SUMMARY

An investigation of the use of flat vanes in two-dimensional sub-
sonic dMfusers was made. Using optimum designs of vane installations,
high pressure recoveries and steady flows were obtained for diffuser-
wall divergence sm.glesup to 42°. Criteria for optimum configurations
were developed which indicated that the vanes should be symmetrically
arrsnged in the vicinity of the diffuser throat) that the vane-passage
divergence angle should be approximately 7.00, - that the vsnes
should have a certain predictable length dependent upon the diffuser.
geometry.

.
INTRODUCTION

In virtually all systems involving the
arises to accelerate or decelerate the flow.

motion of fluids the need
In general, a flow accel-

eration (or nozzle process) results in a smooth fluw with,high effec-
tiveness, low loss, and god velocity profiles. On the other hand,
unless considerable care is taken in the design of the passages involved,
a flow deceleration (or diffusion process) almost always results in
unsteady flows with large pulsations, large losses, and highly nonuniform
exit velocity profiles. Such a condition is not only undesirable in
itself but it also frequently creates even more undesirable effects on
the performance of downstream components such as compressors and burners.”

This problem becomes particularly aggravated when a space limitation
is present as, for example, in jet engines. Since a given deceleration
of the flow requires a given area ratio, by continuity, a compact sub-
sonic diffuser must necessarily incorporate large angles of divergence
of the walls,,but such geometries are precisely those that create the
most unsteady flow, the largest losses, and the most unpredictable behav- “
ior. Thus, the discovery of a means for production of wide-angle dif-
fusers 07 high performance, stable fl~, and predictable behavior is a
problem of considerable concern. The study of a promising solution to
this problemby the use of well-designed, short, flat vanes is one ofh
the primary purposes of the present investigation.

%
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The basic cause of the poor flows found in diffusers has been .

known for manY years to lie in the effect of an adverse pressure gradi-
ent (pressure increasing in the~di~ection of the flow) on the boundary
layer which inevitably occurs on %he-walls in any real fluid flow. Since

*

diffusion, by definition, involves an adverse pressure gradient and since
in almost all applications of interest the boundary layer on the walls
is turbulent in character, the problem of-diffuser flows is inextricably
connected with the problem of the flow of a turbulent boundary layer in
an adverse pressure gradient and, hence, with the problem of stall or
separation. These problems have been the object of a great deal of the-
oretical and experimental effort over the past n years, but despite
this, sufficient understanding has not been gained. Consequently, no
means are available for advance theoretical prediction of even the over-
all basic flow pattern that will occur in a given diffuser, snd it is
therefore necessary not only to measure performance but also to study
the basic flow mechanisms if any real understanding of diffuser behavior
is to be obtained. Thus, the second principal objective of the present
investigation is to add to the available knowledge concerning the flow
mechanisms in diffusers, that is, flows with adverse pressure gradients.

Both of these objectives are being pursued as a portion of a con-
tinuing research program in the Mechanical Engineering Laboratory at
Stanford University. The experimental work on vanes in wide-angle dif-
fusers in itself constitutes a rather’extensive research program; there-
fore, the emphasis of the present report has been placed on the presenta-
tion of the experimental results, description of the flows, smd discussion
of a means for the design of vaned wide-angle diffusers having good flow
characteristics and high performance. This report is based primarily on
the work of Cochran (ref. 1). Certain additional information concerning
performance calculations and future work is also contained in reference 1.
The present results cover a wide range of geometries but are limited in
respect to inlet Mach number and variation in both inlet flow geometry
and condition. Discussion of the flow mechanisms is given as needed,
but it was beyond the scope of the present work to attempt a presentation
of their details and full implications. However, as an outgrowth of the
experimental results and observations of the continuing overall research
program Kline has written a report on the topic of basic flow mechanisms
(ref. 2~ . Reference 2 has been written to integrate with the present
report, and Kline not only rationalizes the results found in vaned and
unvaned diffuser flows but also discusses the entire problem of stall
in terms of two new concepts including the introduction of a new flow
model Which has already been experimentally verified. The reader who
is interested in the more basic aspects of stall and of the flow mecha-
nisms in adverse pressure gradients should refer to reference 2; however,
it is suggested that the present report be read first since considerable
reference is made to the material presented herein.

*
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SY’MEQLS

Nomenclature involved in diffuser geometry
figure 1.
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is illustrated in

area, Sq ft

minimum spacing between adjacent vanes, in.

minimum spacing between diffuser diverging wall and
adjacent vane, in.

energy-recovery coefficient, defined by equation (4)

pressure-recovery coefficient, definedby equation (H)

distance from plane of diffuser throat to plane of vane
leading edges,

specific heat at

specific heat at

kinetic energy,

length of vanes,

distance between

in:

ft-lbconstant pressure, —
lb-%?

ft-lbconstant vohune, —
lb-%F

ft-lb
lb

in.

parallel walls of diffuser, ft

constant of proportionality in Newton’s second law equation,
lb-ft

lb-sec2

boundsry-l~er shape factor

head loss, lb/sq ft or in. water

nondimensional head-loss coefficient, %/q
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v
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internal ener~, f t-lb
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.

correction factor for compressibility effects

ratio of specific heats, cp/’v

length of,diffuser diverging wall measured from throat to
exit, in.

number of vanes

static pressure, lb/sq ft

volumetric flow rate, ft3/6ec

dynamic head, p~
2gc’

lb/sq f% or in. *O

Reynolds number

ft-lbgas constant, —
lb-%

radius of curvature, ft or in.

t~erature, OR

free-stream velocity at edge of boundary layer, ft/sec

local x-direction velocity in bound@ layer, ft/sec

local x-direction turbulence velocity or time-variant com-
ponent of u, ft/sec

velocity, ft/sec

exit velocity for one-dimensional flow

specific volume, ft3/lb

distance between diverging walls normal to geometric axis of
diffuser, ft

flow work, ~

—

—

.

.

.
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.

w weight flow rate, lb/see

X,y length variables, ft or in.

a total divergence singlebetween adjacent vanes, deg

m=02-()~ a

5 boundary-layer

8* boundary-layer

F5w boundary-layer

change in a variable

.
thickess, in.

displacement thickness, ~’ (1 - ~)dY, in. ,

momentum

np pressure effectiveness,

thickness, ~’ (1 - ~)~ dy, in.

/cmc~ideal

o half of diffuser total divergence angle, deg

2e diffuser total divergence angle, deg

P viscosity, lb/ti-ft

P density, lb/cu ft

if normal to a streamline,

Subscripts:

1 inlet

2 exit

a saibientcondition

as appreciable stall

av average

c center line

L diverging wall length

ft or in.
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mex maximum

o outer or stagnation

.W throat width

w wall

BACKGROUND INFORMATION

The work reported herein is a direct extension of the work of Moore
and Kline (refs. 3 and.h). A sumsry of the status of diffuser research
which is pertinent to the present report is given in reference 4. A
summary of the available diffuser design data was given by Patterson
(ref. 5), and a more recent summsry of the data applicable to the pres-
ent geometry was given by Reid (ref. 6). It therefore seems undesirable,
in tiew of the length of the present report, to repeat these summaries
here. It is, however, pertinent to make a few remarks concerning pre-
vious investigations of the governing parameters and the overall patterns

.

involved.

Reid (ref. 6) found that the performn ce @ a two-dinnmsional dif-
fuser was strongly dependent on the total divergence angle and the ratio
of wall length to throat width. He also found that, with length ratio
held constant~ flow separation and pulsations occurred as the divergence
singlewas increased beyond the point of maximum pressure recovery.
Vedernikoff (ref. g) obtained stable flows for included angles up to
approximately 14.0 in a two-dhensional diffuser having a constant
length ratio of 10.0. At larger angles vortices formed first along one
wall and then along the other, the intensity of the vortices increasing
as the angle was increased. In addition, Vedernikoff found that the
maximum pressure recovery occurred just prior to the formation of the
vortices. Tults (ref. 8) experimented with an asymmetric two-dimensional
diffuser of constant length ratio and also found that, with increase of
angle, the occurrence of maximum pressure recovery very closely preceded
the occurrence of separation. He found further that the angle at which
separation occurred did not depend on the inlet Reynolds number but that
the mount o,fseparation present increased as the angle was increased.
Jones and Binder (ref. 9) investigated the effect of inlet turbulence
intensity in a square diffuser and found that the turbulence level influ-
enced both the velocity distributions and the diffuser flow patterns. In
addition, they found a complete lack of two-dimensional flow, although the
total divergence angl-eof their diffuser,was OU 8.00. ~linske (ref. 10)
studied the effect of turbulence in conical diffusers of constant area
ratio. He observed that the effect of turbulence was to produce a

.



NKCA TN 4309 7

flattening of the velocity profiles and that large-scale turbulence
was more effective than fine-grained turbulence.

Moore and KLine (refs. 3 and 4) studied the basic flow mechanisms
in diffusers by using two sizes of water-table units incorporating dye
injection for flow visualization (see fig. 2). They also investigated
a large number of schemes for the production of efficient, wide-angle
diffusers using various types of vanes and mixing devices for boundary-
layer control. With the exception of aspect ratio, which was shown to
be unimportant, the large water-table unit had the same geometry as the
air unit used for preliminary tests by Moore and IUine.

Moore and KLine discovered several important new characteristics
of unmodified, plane-wall diffusers. Holding all.the inlet flow con-
ditions, the wall length, and the throat width constant, they found
that four regimes of flow are obtained as the diffuser divergence single
is increased from OO. These regimes sre illustrated in figure 3 which
shows typical dye trace photographs (reproduced from ref. 4) and a
schematic sketch for each regime of flow. The four regimes are as
follows:

.
(1) A regime of well-behaved apparently unseparated flow (fig. 3(a)).

(2) A regime of lage transitory stall in which the separation
varies in position, size, and intensity with time (fig. 3(b)). (This is
the regime of highly pulsating flows noted by Reid, ref. 6, and others.)

(3) A regime of fully developed stall in which the flow is rela-
tively steady and follows along one wall of the diffuser (fig. 3(c)).
The major portion of the diffuser is filled with a large turbulent
recirculation region which extends from the diffuser exit almost to the
diffuser throat and is roughly triangular in shape. The main flow stream
experiences little expansion in passing through the diffuser; hence,
little pressure recovery is obtained in this regime.

(4) A regime of jet flow in which the flow separates from both
walls and proceeds through the diffuser similsr to a free jet (fig. 3(d)).

Furthermore, it was found that the divergence angles bounding the dif-
ferent flow regimes are not unique but, in fact, depend strongly on the
ratio of wall length to throat width and in some instances on the
entering free-stream turbulence level. This is clearly illustrated by
figure 4 which is taken from reference 4. Figure 4 shows the zones of
flow as a function of divergence angle, ratio of wall length to throat
width, and inlet free-stream turbulence for constant thin inlet walJ
boundary layers and nearly constant mean inlet velocity profile. The
effect of a change in free-stream turbulence intensity is shown by

v
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comparison of the dashed boundary curves with the solid boundary curves.
.

It should be noted that the definition of the line of appreciable stall,
line aa in figure 4, is somewhat subjective. This line was determined
experimentally by Moore and Kline as the locus of angles for which a

w

transitory stall was first visible using dye injectors of roughly 1/8 inch
in diameter near the wall of the diffuser. However, later investigations
led to the conclusion that small transitory stalls probably existed at
much lower angles, and this conclusion has been extended and verified
experimentally in the work described by Kline in reference 2. Conse-
quently, the nme “appreciable stall” is now used in referring to the
line aa although it is called “first stall” in references 3 and 4.

Moore and Kline have clearly demonstrated that the flow regime of
a simple diffuser depends to an important extent on the following param-
eters: (1) Total divergence angle; (2) ratio of wall length to throat
width; and (3) inlet free-stream turbulence. They also concluded that
data available from other sources indicated that the character of the
inlet flow, particularly the condition of the boundary layer, also prob-
ably had an important effect on performance...In addition, Moore and
Kline found that variations in throat-width Reynolds number had little
or no effect on flow regime for Reynolds numbers in excess of a few .

thousand and also that variations in throat aspect ratio had little or
no effect on flow regime for all values of aspect ratios normally
encountered. .

The studies of various boundary-layer control devices in the water-
table work reported by Moore and Kline indicated quite clearly that short
flat vanes placed somewhat downstream of the throat held more promise
than any of the other devices tested. In one case, apparently unseparated
flow was obtained at 45.0° in a vaned diffuser which normally, in its
simple form, would have entered the regime of fully developed stall at
about 17.0°. Preliminaq=bests using the air apparatus by Moore and
KLine confirmed the very high promise of such configurations. Good flow
was extended from a typical value of 15.0° to 30.0°, and the pressure
recovery at 30.0° was increased in one case-from about 18 percent in the
unvaned unit to approximately 74 percent in-the vaned unit.

The investigation reported herein began at this point. Its primary
purpose was to exploit the promise found in the work of Moore and Kline
for vaned units. -Thisincludes developinentOY simple design criteria
for such units over a wide range of geometries and evaluation of typical
performance that can be expected using these criteria. The secondary
PWose of the investigationwas to verify and augment the information
on the governing parameters, the overall flow regimes, and the basic
flow mechanisms found by Moore and KLine. The portions of the second
objective dealing with the governing parameters, with the overall regimes
of flow, and with the use of the flow-regime data (shown in fig. 4) for

?
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design purposes me discussed in
the basic mechanisms of the flow
by Kline, reference 2.

this repo~t.
are discussed

ExPER13m!mAL APPARATUS

9

The portions dealing with
primarily in the report

Several views of the experimental apparatus me shown in figure 5,
and a schematic diagram showing nominal dimensions is given in figure 6.
The complete system, which is located in a large room in the Mechanical
Engineering Laboratory, consists of the two-dimensional diffuser with
direct entry through a well-rounded nozzle, an outflow through a plenum
chamber, a driving fan, and an exit duct. The diffuser has been oriented
vertically downward to provide the necessary aerodynamic clearance.
Instrumentation is provided to measure flow rate, pressure recovery, and
exit velocity profile. In addition, a large number of access holes are
provided for measurement of velocity and pressure profiles throughout
the unit. Wall tufts were used for flow visualization in all runs.

Since the fan suction (G) (see fig. 6) was on one side of the large
plenum chaniber(E), a dsmping screen (F) having an adequate flow resist-
ance was placed normal to the axis of the diffuser in the cross section
of the plenum chamber to prevent skewing the exit flow from the diffuser.
The adapter connecting the fan to the discharge-duct transition piece (I)
was asymmetric in the vertical plane, but this was remedied by placing
an internal baffle (H) in the adapter. An “egg crate” straightener (J)
was placed in the circulm? duct immediately downstream of the transition

piece, and a second egg-crate straightener (L) was located ~ feet down-

stream of the first straightener. The second straightener had been
installed in the duct prior to its use in the present apparatus, but
since it was found to be inadequate the straightener (J) was added.
Four total head tubes (M) and a wall static tap (N) were installed 8 feet
downstream of the first flow straightener. It was necessary to make
careful velocity-profile surveys and to use four probes for determining
the flow rate because the discharge duct was not long enough to obtain
established pipe flow. The two sides of a single inclined manometer (K)
were connected to the duct static tap and to the top vertical total-
pressure probe, respectively. “Thismanometer was used in setting the
flow rate. In preliminary work it was discovered that, because of the
fan speed limit, the straight pipe discharge duct prevented the desired
maximum flow rate from being obtained. This situation was subsequently
remedied by the addition of an available 15° conical diffuser on the duct
exit, thereby reducing the overall.pressure drop sufficiently to enable
the fan to produce the desired msximum flows.
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An siljustablesliding total-pressure rake (V), consisting of two *

rows of seven Kiel probes each, was installed in the two-dimensional
plenum chamber (B). Hel probes were used because of the large flow
inclination obtained for wide-angle diffuser settings. The exit rake

*

was operated by a push rod (U) extending through a bushing in the east
end of the plenum chamber. The rake was used in this investigation to
obtain an approximate quantitative distribution of the.flow in the dif-
fuser exit plane and not to determine total-head-loss coefficients.

Pressures were measured with a 33-column, back-light manometer-
board (C) and were recorded photographically with a 35-millimete. camera.

A discussion of the more important components of the test apparatus
is given below in greater detail.

DETAILS OF DIFFUSER CONSTRUCTION

The diffuser was formed from two parallel, l/2-inch-thick Plexiglas
walls and two diverging aluminum walls 1/2 inch thick. ‘ .

The diverging walls consisted of a plane section 24 by 24 inches
ending in a semicylindrical section having an outside radius of .

~ inches (see fig. 7(a)). They were surface ground and polished resulting

in a finished unit having a smooth surface and a gradual transition In
curvature from the semicylindrical section to the plane section. The
shape of these walls and the manner in which their pivot shafts are
secured in the adjustable sliding pillow blocks are shown in figures
and y(b). The l-inch-diameter steel pivot shafts were attached concen-
trically with the curvature of the cylindrical section so that the dif-
fuser angle could be adjusted without materially altering the inlet
geometry.

The five rows of fittings attached to each diverging wall can be
seen in figure 7(b). The two outer rows were not used in the present
investigation. The other three rows each consist of 22 T-shaped aluml-
num plugs distributed from the vicinity of the throat to the trailing
edge of the diverging wall. A cross-sectional diagram showing the con-
struction of these plugs and the ways in which they are used is given
in figure 8. It should be noted that these plugs were securely fastened
to the ahminumwalls by means of a small machine screw and that their
butt ends were surface ground simultaneouslywith the uin plate forming
a smooth continuous surface. The longitudinal positions of the plugs
are given in table 1. The middle row is centered in the wall.and the
other two are located 6 inches from the edges of the plate. This large
number of fittings was installed in the diffuser to provide adequate
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flexibility for test work in the unit; it was not intended that the
fittings would all be used simultaneously.

The details of both the diffuser and the plenum-chamber side walls
are also shown in figure 7. The diffuser side walls are 24 inches wide,
extend to a height approximately 9 inches above the tangent plane of the
diffuser entrance lips, and terminate in a semicircular arc of about
1 foot radius. Fittings, similar to those described for the diverging
walls, are arranged along the vertical ce~ter line; their longitudinal
positions are given in table II. Identical fittings were s-trically

arranged on a 3/4-inch pitch along a horizontal line 1~ inches below
4

the top edge of the plenum-chamber side walls. These fittings were used
for the measurement of the exit static pressure because the diffuser
height could be adjusted to make the diffuser exit plane coincide with
the plane of the fittings; the cornermost fittings were used for each angle
setting.

All sliding and fixed joints were sealed with a gasket material
approximately l/32 inch thick. The gaskets between the parallel and
diverging walls also served the purpose of providing the vane end
clearance necessary to manipulate the clusters in the diffuser.

.

DETAILS OF VANES AND CLUSTERS

.

The vanes were fabricated from 24-inch widths of 12-gage sheet
steel (0.110 inch thick). Sets of five vanes each, in lengths of 3, 6,
9, 12, and 15 inches, were manufactured with each set consisting of one
center vane and four outer vanes. A diagram showing the end detail of
the vanes is given in figure 9. Because of the short length of the
3-inch vanes, it was necessary to add an extension to the center vane
in order to obtain good alinement in the diffuser. Assemblies of typi-
cal vane clusters are shown in figure 10, and a typical diffuser vane
installation is shown in figure n(a). It is noted that aerodynamic
smoothness has been sacrificed for mechanical flexibility h the vane
holding mechanisms because a considerable latitude of vane adjustment
was required. A diagram of the vane supporting hooks is given in fig-
ure Id.(b). Two of these hooks were inserted in each parallel wall in
place of the appropriate aluminum plug. The position of a cluster,
relative to the diffuser, was adjusted in the following ways: (1) Sliding
the diffuser side wall, thus centering the cluster with respect to the
diverging walls, (2) sliding the supporting hooks in the side-wall holes,
thus centering the cluster with respect to the side walls, ad
(3) adjusting the hook position in the center vane slots, thus obtaining
the desired sxial location. (The cluster could be moved the distance of
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the pitch of the plugs in this manner.) A pair of side braces, which
.

held the clusters in a firm and centered position during flow conditions,
—

can be seen on the diVerging walls in figure n(a). w

The clusters were bench assembled using l/8-inch-diameter steel
rods for the main supporting dowels in the upper holes in the vane ends;
l/16-inch-diameter steel welding rods were used to support the vanes in
the lower end holes and in comparable upper and lower holes in the vane
centers. The rods were rigidly clsmped in the vanes by means of small
set screws and, when the vanes were adequately adjusted, the butt ends
of the rods were ground flush with the outer vane surface. The ~ngle
between adjacent vanes was set using accurately cut sheet steel tem-
plates, and the throat spacing between adjacent vanes was set using a
pair of micrometer adjusted calipers. The vane throat spacing and the
vane divergence angle could be adjusted to tO.01 inch and f0.25°,
respectively, on an average throughout a particular cluster.

The limited confines of the diffuser prohibited any significant
vane adjustment while the clusters were in the diffuser; consequently,
when adjustments were desired it was necessary to remove the clusters.
Access to the clusters was obtained by swinging the we~t wall of the
diffuser outward through an angle of approxi3nately180”.

EXPERIMENTAL MRTHODS

MEASURING FLOW RATE

The flow unsteadiness and three-dimensional effects that occurred
in many of the nonoptimum diffuser configurations made it undesirable to
attempt measuring the flow rate in the diffuser itself; instead, the flow
rate was measured in the downstream end of the discharge duct. In order
to obtain reliable results, an accurate calibration of the duct under a
variety of conditions was made. For this yurpose the diffuser was set
at a divergence angle 2e of 7° to insure smooth flow, and then the
flow conditions described in table III were studied. A flow-rate uncer-
tainty”analysis was made using these experimental results. In this
analysis the following factors were considered: (1) The uncertainty
involved in representing all the expected velocity profiles by an aver-
age profile, (2) the uncertainty involved in mechanically positioning
the total-pressure probes in the correct radial location in the duct,
and (3) the uncertainty involved in using the arithmetic average of
the four probe readings as the true flow-average reading. (The probes

—

were posi~ioned to re=d the average flow
measured velocity profiles.) The method
was used to calculate the uncertainty in

velocity on the basis o~ the
of KLine and McClintock (ref. 11)
the flow-rate measurement

>
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.

attributable to the method employed. This was eqml to, at most,
1.25 percent. (A list of the uncertainties involved in all the impor-
tant measured variables is given in table IV.)

LOCATlllGDITFUSER THROAT

The diffuser throat was defined by the point of tangency between
the curved surface of the diverging walls and a vertical plane. This
point was easily located by using a machinists square referenced *O an
angle iron placed across the diffuser entrance tsmgent to the two lips
of the diverging walls: Six static-pressure taps were inserted in the
diverging-wall fittings which were nearest the diffuser throat. Inspec-
tion of table I shows that these static taps could be located to within
tO.333 inch of the throat. A static-pressure tap was inserted in the
top fitting on each parallel wall, but these fittings were approxi-
mately 3/8 of an inch above the throat. Therefore, the latter two
static pressures were not used in the calculation of the performance
parameters but served only to give a qualitative indication of the flow
symmetry.

RECORDING THE DATA

The folXowing pressures were recorded on the 33-cohmn, back-light
manometer board: (1) Six diffuser-throat static pressures, (2) two
side-wall static pressures near the throat, (3) four diffuser-exit static
pressures, (4) fourteen exit-rake total pressures, (5) four flow-rate
total pressures, (6).one flow-rate static pressure, and (7) two atmos-
pheric pressures, one in each end column of the manometer. Probe con-
necter tubes of the same length were always used for comparable readings.

Considerable care was exercised in recording the data at the proper
time. For many of the configurations tested the flow shifted randomly
between two, or more, patterns. In such cases, the frequency of occur-
rence of the different patterns was observed by watching their respective
manometer-board patterns, and the pattern occurring most frequently was
selected as being representative of the particular configuration in
question. When two stable but distinctly different patterns occurred
for a given configuration, data were recorded for each pattern. (“Stable
pattern” is used herein to mean a pattern which will remain fixed and
can only be changed by deflecting the flow with the hand or a suitable
device. Small fluctuations of varying degree occurred for all stable
patterns, but their effect did not significantly change the nature of
the pattern.]
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In view of the relatively slow time response of the manometer it
.

was necessary to wait several seconds while the pattern “held” its posi-
tion. When the data recorder was satisfied that the mancmeter had ●

attained equilibrium, a picture was taken. _A picture was taken for each
exit-rake position that was deemed necessary to traverse adequately the

—

exit flow; and, of course, it was necessary that the ssme flow pattern
was obtained for each position. The number of pictures taken for a
given test varied from three to six, depending on the diffuser exit
width. However, only one frame was used in calculating the performance
parameters with the exception of the exit velocity profile. Several
tests were taken at random for which the performance parameters were
calculated for two or more frames and very good agreement was alkays

-

obtained.

It was thought that the damping of the test manometer might produce
errors in the measured values of the pressures. A qualitative idea of
the degree of damping caused by the manometer was obtained by comparing
its time-varying reading with that of a fast time-response manometer
connected just below the north-side throat tap. No error of any con-
sequence could be observed when the data-recording procedure just
described was used. ..

In the process of the data reduction, negatives of the photographs
were projected on a screen, resulting in an image approximately three

.

times as large as the actual manometer board. Good definition was
obtained for this magnification; consequently, it was possible to read
the columns to within *0.01 inch ~0.

EWERIMENTAL PROCEDURE

When the apparatus was started cold, it was allowed to run for at
least a half hour to insure good steady-state conditions. During this
time the aibient conditions were recorded. (The atnbientconditions
were measured at least every 4 hours.) Care was exercised to see that
all outside doors and windows to the laboratory were closed so that no
drafts would occur thus altering the character of the inflow. Since it
was necessary to shut down the fan in order to change the axial position
of a vane cluster, the flow rate was individually set for every configu-
ration that was tested. The uncertainty analysis of the flow rate indi-
cated, however, that this procedure made no significant change in the
total uncertainty of the flow rate.
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DIFFUSER INLEI’FLOW

VELOCITY

Regardless of whether
as in the present case, or

AND PRESSURE DISTRIBUTIONS

a diffuser is directly connected to a nozzle,
whether it is connected to a straight duct

section, there must be s- wall curvature at the juncture of the
diverging walls and the entrance section. For such a condition Ner’s
dynamical eqwtion for the direction normal to the streamline is

.

where ~ is the normal to the streamline directed outwsrd from the
center of curvature and r is the radius of curvature. Euler’s equa-
tion thus demonstrates that a local decrease in the static pressure near
the walls will occur because of the corresponding curvature of the
streamlines
written for

outside the boundary layer. Furthermore, Euler’s equation
the flow along a stresailineoutside the bounda~ layer .

()d~ =-Q
T P

demonstrates that there will be, of necessity, em increase in the local
velocity corresponding to the local decrease in static pressure near the
wall. Therefore, it is seen that the diffuser entrance curvature causes
variations of the static pressure with corresponding variation in the
idet velocity. Further, these variations are such that the fluid in
the boundary layer, on the curved surface downstream of the throat, is
subjected to an adverse pressure gradient larger than that which would
be predicted from a one-dimensional theory. (It sh~d be noted that
the detrimental effects of the intensified positive pressure gradient
are somewhat offset by the favorable effect of the reduced static pres-
sure immediately preceding it.) The above statements sre true of all
diffusers; however, the nature of the velocity and pressure variations
that occur depends upon the inlet geometry of the diffuser in question.

It is only logical, then, to question the validity of using the
test results obtained from a given diffuser-inlet configuration to pre-
dict the performance of other diffuser configurations. This question
is of particular importance with regard to the present diffuser because
not only do significant pressure and velocity variations occur across
the throat width but also small changes in the shape of these profiles
occur as either 2e or W1 is varied.
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Moore and Kline (ref. 4) examined the literature in which changes
.

in entrance velocity profile and changes +n inlet shape have been studied.
The evidence, they found, suggests that, excluding shsrp-edged junctures,
no significant change in performance will result so long as the boundary-” -
layer conditions are constant at the throat and the nonuniform profile
approximates that of a potential pattern for the remainder of the flow.

Since the present diffuser communicates directly with the anibient
surroundings through a nozzle, the entrance fluw external to the thin
boundary layer very closely approximates that of an ideal nonviscous
fluid, and since the aribienttotal-pressure is constant, the tot~l pres-
sure in the diffuser throat is constant outside the boundary layer.
Therefore, it is seen that the actual entrance flow to the diffuser
closely reseniblesthe potential flow for the given inlet gebmetry.

Throat velocity and static-pressureprofiles, obtained with smooth
flow for W1 = 3.00 inches, are shown in figure 12. It canbe seen that

a better degree of two-dimensionality is obtained for 2e = 7° than for
2e = 42°; however, even in the latter case the velocity profiles do not
differ from a suitably defined average profile by more than = percent
at any point. Also, it can be seen that there is a greater variation *

in profile for 2e = 42° than for 2e = 7°. This is as expecte”dsince
the flow for wider angles more nearly approaches the potential flow
between parallel cylinders indicated in figure 12(b). (The solution

.

for the flow between parallel “cylindershas been obtained by Moore and
Kline, ref. 4.) It is recognized that when large three-dimensional
stalls occurred, the approach to two-dimensionalitywas not so good as
it was for the smooth flow shown in figure 1.2;however, it is believed
that an adequate approximdton was obtained for all tests. .—

The character of the inlet boundary layer has been shown by several
investigators to have a significant effect on the diffuser performance.
(See, e.g., Little end Wilbur, ref. 12.) In the present work it was
desired to maintain a relatively constant boundary-layer shape, and the
belief that this condition would be obtained with the present entrance
section was verified by boundary-l~er measurements made in the throat
for several different diffuser configurations.

A boundary-layer probe was fabricated from a piece of 0.020-inch-
diameter hypodermic tubing by flattening one end and grinding it under
a microscope. The resulting tip thickness was approximately 0.010 inch.
The probe was referenced to the diffuser wall to within approximately
0.001 inch; it was then positioned with the micrometer-screw traverse
mechanism shown installed in the diffuser,in figure 13(a). A schematic
diagramof the probe is shown in figure 13(b). Measurements were made
only for steady flows but, even for some of these flows, minor fluctua-
tions occurred which made it necessary to estimate time average velocity
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readings. The fluctuations which occurred, however, were not serious
enough to impair the results obtained.

The inlet boundsry-layer profiles and values of displacement thick-
ness, momentum thickness, and shape factor are given in figure 14. The
first measurements were =de without a boundary-@yer trip, and the
resulting profile is shown in figure lb(a). This profile is definitely
of a turbulent character; however, in order to insure that a turbulent
boundary layer was obtained for all configurations, a 0.012-inch-diameter
trip wire was placed on the curved portion of the diverging walls approxi-
mately 3 inches upstream of the throat. The effect of the trip wire is
shown in figure lb(a). A comparison of the boundary-layer properties
given in figure 14 shows that the overall effect of the trip wire was to
produce a slight increase in the displacement thichess with a corre-
spondingly larger increase in the momentum thickness; that is, a decrease
in the shape factor. Furthermore, it can be seen that all of the bound-
SZ’Y@fers obta~ed~th the trip tire installed are of essentially the
same size and shape.

In summary, it can be said that the entrance flow of the present
diffuser was comp~able to that of a straight section in which two-
dimensional flow,having a constant free-stream total pressure and q
thin constant-shape inlet boundary layer was obtained.

FREE-STREAM TURBUUNCE

It was shown by Moore and KLine (ref. 4) that the inlet turbulence
intensity had a very significant effect upon wide-angle-diffuser per-
formance. This is clearly illustratedby the shift of the boundary
between the transitory stall and fully developed stall regimes with
change in turbulence intensity as shown in figure 4. It was suspected
that a change in the mass-flow rate in the present diffuser, with a
consequent change in the saibientvelocity field, would result in a
change in the entrance turbulence intensity. This was shown to be true
by turbulence-intensity measurements made with a hot-wire anemometer
installed in the geometric center of the diffuser throat. From the
resulting curve shown in figure 15 it can be seen that ne~ly a three-
fold change in intensity occurred over the anticipated range in mass-flow

rate from 4 to 7* lb/see. Consequently, it was decided to conduct the

tests at a constant mass-flow rate which was equivalent to a constant-
throat-tidth Reynolds number since
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All of the constant-throat-width tests were easily run with the flow
rate selected. However, in the constant-included-angletests it was
necessary to reduce the flow rate because the manometer board could not
record the reduced throat pressures and the fan could not handle the
required flow commensurate with the desired minimum throat widths.
Since these latter tests were run only to show typical results with
vanes, no loss of significance results.

EXFERIMENTM PROGRAM

RESTRICTIONS IMPOSED ON CLUSTER GEOMETRIES

At least four quantities must be specified to describe the location
and size of a single flat vane in a two-dimensional diffuser, for example,
(1) the distance of the vane leading edge from the diffuser throat,

[
2) the distance of the vane leading edge from the dl.ffusercenter plane,
3) the included angle between the vane surface and the diffuser center

plane, and (4) the vane length. Consequently, the number of geometric .
variables is very great when severalvanes are used. Thus, at the -expense
of some generality, it was necessary to impose restrictions on the vane
configurations in order to reduce the total number of independent vari- .

ables. For any given cluster (see, e.g., fig. 10) the restrictions were
as follows:.

(1) All vanes were of the same length f.

(2) The minimum width a between a~acent vanes was identical.

(3) The divergence angle a between adjacent vanes was constant,

(4) The leading edges of the vanes were made tangent to a single
plane perpendicular to the longitudinal axis of the diffuser end a dis.
tance c downstream from the throat.

(5) me longitudinal ais of the cluster was made coincident with
the longitudinal axis of the diffuser; that is, the vanes were symmetri-
cally disposed with respect to the diffuser. —

With these restrictions the cluster geometry was completely speci-
fied by the following variables: (1) The number of vanes n, (2) the
minimum width a, (3) the divergence angle u, and (4) the vane length f.
The location of the cluster in the diffuser was specifiedby the dis-
tance c or by the minimum width b between the outer vanes and the
diffuser diverging walls. In other words, with the restrictions imposed,

.
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any given vane configuration was complete~ specified by no more than
five quantities.

OBJECTIVES

Moore and Kline (ref. 4) reached the following conclusions: (1) The
best improvement in performance could be obtained with relatively short
vanes placed just downstream of the throat, (2) the mmiber of vanes should
be selected so that the divergence angle between ad scent vanes is that

?for optimum efficiency, or approximately 7.0°, and 3) the vanes should
be arranged to form small diffuser passages each having the same diver-
gence angle and the same throat spacing. Moore and nine were unsure
about the optinum length of the vanes; they suspected that the lengths
should be selected so that the corresponding operation of each passage
was at least below the line of appreciable stall (line aa, fig. 4), but
further conclusions regsrding length had not been reached.

Within the scope of the restrictions imposed on the vane configura-
tions the following questions remained to be answered:

(1) Precisely how much improvement in performance can be obtained
with the type of vane configurations under consideration?

(2) What.is the optimum vane length?

(3) HOW far downstream from the throat should

(4) How should the vane spacing be selected?

(5) If the diffuser total included angle 2e
approximately 7.0°, how should the nunber of vanes
divergence be selected?

the cluster be placed?

is not a multiple of
and their angles of

(6) Should the angle a between adjacent vanes and the angle Go

between the diverging diffuser wall.and adjacent vane be identical?

(7) What is the nature of the flow of a diffuser-vane configuration?

The objectives of the present investigation were to resolve these
seven questions.

.

%.
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TEST CONFIGURATIONS
.

Since Moore and Kline (ref. 4) conducted the majority of their work -
using a value of L~Wl of approximately 8.o and since L/Wl = 8.0 _iS

representative of practical diffusers, this value of length ratio was
used in most of the present work.

The uppermost position of a cluster was defined so that the flow
cross-sectional area at the vane entrance section was identical to the
diffuser-throat cross-sectional area. If the cluster had been p~aced
any farther upstream a blockage of the flow would have resulted.

For the initial testing the vane spacing a was defined by the
relation

and the divergence
relation

WI
a =—

n+l

angle a between adjacent vanes was defined

a

It was determined in later tests
tions (1) and (2), respectively,

2e=—
n+l

that a and a as definedby
are actually the most suitable

(1)

by the

(2)

equa-
values.

Using the value of a from equation (1) the ratio b/a was unity for
the uppermost cluster position, where b is the minimum width between
the diffuser diverging wall and adjacent vsmes.

A systematic series of tests was conducted using the configurations
summarized in table V. The configurations
which the included @e was set.

Included in these tests are auxiliary
the effect of the following factors on the

are listed.in the order in

tests designed to evaluate
diffuser performance:

(1) The placement of a pair of turbulence-generatingrods in the
low-velocity region of the entrance flow

(2) The variation of the end clearance between the vanes and paral-
lel walls

(3) me modification of the vane holding mechanism

.

a
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A near optimum diffuser-vane configuration was employed for each of these
three tests.

EXPERIMENTAL OPTIMIZING TECHNIQUE

Since the number of variables of the basic diffuser plus those of
the vane cluster geometry is very large, it was not feasible to take
data over the entire region of possible vsriation of all variables.
Consequently, a method was followed in which the optimum value for a
given variable, such as the vane length f, was found for several con-
ditions. This optimum value was then used in further tests to determine
optimum values of the bther variables. Such a method will not, in gen-
eral, yield precisely the optimum value for all possible configurations,
but it will usually provide a rapid means for finding a good approxima-
tion of it. In the present case, the good performance found suggests
that the design criteria developed do give configurations not too far
removed from the optimum configuration possible. However, as will be
discussed subsequently, the exit traverses and flow observations indi-
cate that some further improvements in performance of the wide-angle
units can be expected by additional refinements of the geometry and.by
the superposition of other means of boundsry-layer control. Thus, the
results in this report should be considered as indicative of the sort
of performance that can be obtained fairly readily but not as the ulti-
mate possible optimum performance for a very refined design.

DEFINITION AND INTERPRETATION OF PEWORMANCE PARMDITRS

PRESSURE RECOVERY

In most of the literature the diffuser has been considered as a
pressure-momentum device with attention being consequently focused on
the static-pressure recovery which has generally been expressed in terms
of the
lowing

nondimensional press-&e-recovery–coeffic~entdefi~ed by the fol-
equation:

(3)

In this definition, Cm is the ratio of the actual static-pressure

rise to the theoretical, incompressible, isentropic static-pressure
rise obtained by stagnating the entrance flow. However, Cm Of equa-
tion (3) is a satisfactory performance parameter only when the following
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conditions prevail: (1) The flow is essentially incompressible; (2) the -
entrance flow is essentially one-dimensional;and (3) the exit pressure
is uniform. Equation (3) may be readily modified to apply to compres- .9
sible flows by,using the theoretical maximum possible static-pressure
rise for compressible isentropic flow in place of ql.

—
However, even

when modified in this way, the resulting expression for Cm is limited

to essentially one-dimensional entrance flows and uniform exit pressures.
It should be-noted that the effect of the entrance transition curvature,
discussed previously, can lead to erroneous results because the measured
inlet wall static pressure PI may be appreciably less than the mean

inlet static pressure.

Moore and KLine (ref. 4) recognized the problems of the nonuniform
velocity and pressure profiles in considering suitable performance param-
eters for the present diffuser and inlet geometries. They concluded that
the definition of Cm given by equation (3) was meaningless for the

~resent flow conditions: therefore, they considered the diffuser as an-
~nergy device and intefireted the fierfo--nce in terms
recovery coefficient which is defined by the following

cm = Flow work out - Flow work in
Inlet kinetic ener~

It is implied that the terms in equation (4) are to be
gration across the.inlet and outlet flows.

of an ener~-
equation: .

(4) -.

obtained by inte-

Moore and Xline used.eqpation (4) only for incompressible-flowcal-
culations, and the results obtained were comparable to what would be
expected for an equivalent pressure-recovery coefficient. However, had

.—

the flow not been assumed incompressible the resulting calculations
would have been very misleading. This arises &om the fact that for
compressible flows there is a “coupling” between the-change in flow work
and change in internal energy which produces a surprising difference
between the value of Cm and the expected comparable value of Cm.

This is readily illustrated by considering a simple, steady-state, one-
dimensional, isentropic compressible flow of air through an ideal, two-
dimensional diffuser (fig. 16).

A first-law analysis of this diffuser flow yields the following
expression:

VIZ V22
—-— =
2gc 2gc P2V2 - P2v~ + J2 - Jl (5)

—

.

*
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or its equivalent

23

From equations
change in flow

In the present

-~k = fwf+Aj (5a)

(5) ati (>) it is readily seen that the ratio of the
work to the change in internal energy may be written as

L!Wf P2V2 - Plvl—=
&l J2 - J1

(6)

case air may be treated as a perfect gas. Therefore,
substituting the equation of state for a perfect gas– pv = RCT and-

letting j = c~, equation (6) may be modified as follows:

Nf RCT2 - RCT1 Rc = Cp - Cv

~ = cvT2 - CVTl = ~ CV

or .

‘f k-l—=
4

(7)

Equation (7) shows that for the compressible flow of air (k = 1.4) the
change in flbw work.is only 40 percent as large as the change in inter-
nal energy. This coupling effect may be further illuminated by con-
sidering the total energy change given in equation (5a). Substituting
equation (7) into equation (>) and rearranging gives

Again substituting k = 1.4, it is seen that for air
work accounts for only 28.6 percent of the change in
In other words, the maximum possible value that Cm

(8)

the change in flow
kinetic energy.
can have when

applied to the compressible flow of air is 28.6 percent.

A comparison of C= and ~ can be made by considering their

ratio. from their corresponding definitions,
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where Kl is the

.

P2V2 - Plvl
&-

k= v12/2gc P2V2
= K1

- Plvl

cm
(9)

‘2 - ‘1
PQV1 - P~v~

IK1PV12 2gc

compressibility correction factor which may be assumed

to be equal to unity for the present purpose. Therefore, if it assumed
that K1 . 1 and the isentropic relationship

is used equation (9) may

Plvlk = p2v2k

be rearranged to obtain the following relation:

k-1
cm (P2/Pl ~ - 1—=
%R \P2/P!) -1

(lo)

From the plot of equation (10) given in figure 17, it can be seen that
the maximum value of %@ is 28.6 percent.

The parameter Cm was defined by Moore and KLine (ref. 4) for the

purpose of overcoming the limitations imposedby equation (3). However,
the foregoing discussion demonstrates that effective use of .C~ is

limlted to incompressible flow. It is therefore appropriate to su est
Fanother means for overcoming the limitations inherent in equation 3).

This is done by providing a more general definition of ~ as follows:

(11)

J-

From the momentum theorem for a fixed control volume (as given, e.g.,
in ref. 13, p. 16) it can readily be shown that eqution (11) defines the
pressure-recovery coefficient as the average increase in static pressure
divided by the average entering impact pressure. Furthermore, equa-
tion (11) is applicable to both incompressible and compressible flows
and to uniform and nonuniform velocity and pressure profiles at the
entrance and exit sections of the diffuser.

.—
e

U
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The pressure-recovery coefficient used throughout the remainder of
the report is that definedby eqmtion (11). Several simplifications
were made in developing a working expression for Cm; however, the

resulting accuracy of the calculations is quite satisfactory as shown
by table ~. (The details of this development are given in appendix A
of ref. 1.)

PRESSURE EFFECTIVENESS

The definition

following eqwtion:

where cm is
ideal

of the pressure effectiveness

%
I-)p = actual

‘ideal

l-lpis given by the

(1.2)

the pressure-recovery coefficient that would be

obtained for a fiictionless, one-dimensional flow in the diffuser geom-
etry in question.

.

Since it was entirely satisfactory to assume that the present dif-
fuser flow was incompressible,

was readily developed from the
result is

%.2 .

a very simple expression for cpRideal

expression givenby eqution (3). The

(A2/%Y

The work&ng eqmtion for qp was obtained merely

tions (11) and (13) into equation (12).

m Loss

(13)

by substituting equa-

Since the flows were very unsteady for many of the configurations
and since the corresponding zones of stall were often random and chaotic,
no attempt was made to measure the ener~ distributions in the diffuser.
Consequently, sm accurate evaluation of the losses in the vaned and
unvaned units is not possible; however, a reasonable estimate of the
relative losses can be @e by assuming the flow to be both incompressible
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and one-dimensional. The development of a suitable loss coefficient
for incompressible, one-dimensional flow follows.

By definition

—“12;C

(14)

-.
—

but since WI . ~2 (ste~ flow) and PI = P2,

(15)

Equation (15) demonstrates that for the simple flow under consideration,
the head-loss coefficient reduces to the total-pressure-loss coefficient.
Rearranging equation (15) gives

Using Bernoulli’s equation, the definition o.f

it can readily be shown that equation (15a) is
lowing equation:

&—

(15a) -

% ideal’
and equation (3),

equivalent to the fol-

(16)

A comparison of the losses of the vaned and unvaned units, calculated
using equation (16), is given subsequently. An interesting expression
can be obtained by combining equations (12), (13), and (16). The result

—

is as follows: —

For a given geometry, equation (17a) shows that the head-loss coefficient
may be reduced by increasing qp. This, of course, was known a priori;

however, equation (17a) shows further that for constant values of VP

the head-loss coefficient increases as ~~A1 is increased. On first --
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thought this may seem unreasonable,
Eqmtion (13) shows that Cmideal-

27

but it can readily be explained.
increases with ~/A1, and eqw-

tion (16) shows that ~ is just the difference of two qmntities Cm

and C~ideal. When qp is held constant then, by definition the ratio

cm c~ideal/
is constant. However, when two quantities having a fixed

ratio are increased in value, the difference between
is increased. Thus, for constant values of qp the

cient is increased when ~lA1 is increased.

Division of eqpation (17a) by Cn also yields

significance, which is

Since by definition

the following equation

~p ‘%/cPRideal

is obtained:

‘L 1- np
Pa -PI= Tp

where HL/(P2 - ~) is the head loss per unit

the two quantities
head-loss coeffi-

an equation of

- np)

actual pressure rise in

the diffuser. Minimum head loss for a given pressure increase is there-
fore achieved when the value of the function (1 - np)/np is a Ininilrium.

This occurs when qp is a msximum since this is the same point at which

1- l-lpis a minimum.

It should also be noted that the loss coefficient EL in the form

of eq,,tion (17a) or (17b) has a useful physical meaning even when the
exit flow is far from one-dimensional. In pticular, EL is the head
loss of the diffuser (normalized on ql) including both the loss due to

dissipation and the excess of leavimg kinetic,energy above that which
would occur for a one-dimensional exit velocity profile. If the kinetic
energy leaving through the exitfllae is a minimum, that is, if the exit
flow is one-dimensional, then HL givesthe purely dissipative loss.

For other cases it charges the diffuser with both dissipation snd excess
of leaving loss above the .pinimumrequisite for the given flow.
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I?LowSmms

It is difficult to give an adequte description of the flows with-
out being somewhat subjective; therefore, in order to acquaint the reader
with the terms that have been used, some brief definitions are given
below. The ascending order of degree used for both steady and unsteady
flow is j.~ustrated as follows:

(1) A very steady flow is one in which there is no surging of the
flow and for which it is quite difficult to discern any redistribution
of the throat static pressure. At most, any individual static pressure
might fluctuate approximately *1 percent of its mean value, and the
period of fluctuation is +?0to 30 seconds or greater. In addition, the
separation patterns remain fixed.

(2) A steady flow is similar to a very steady flow; however, notice-
able throat-static-pressureredistribution occur with amplitudes on the
order of +1 to +2 percent and with periods of approximately 17 to 20 sec-
onds. Some noticeable shifting about of the zones of separation occurs
although there is no rapid shifting back and forth. .

(3) A fairly steady flow is one in which small pressure redistribu-
‘tionsand minor flow surges occur. The amplitudes of the fluctuations .

of the individual pressures are appraimately W to *4 percent. The
fluctuations are caused in part by the redistribution of the static pres-
sure and in part by the surging. The surge has an amplitude of approxi-
mately +1 to W percent; it is not violent and it has a period of approxi-
mately 20 to 30 seconds. Some random shifting about of the zones of
separation cam be observed.

(4) An unsteady flow is one in which the period of the fluctuations
is of the order of 1 to 5 seconds and the amplitude is of the order of
*5 to *1O percent. The fluctuations consist of both static-pressure
redistri’butionsand flow surges. The flow may surge up to as much as
5 percent and the period maybe of the order of 5 secdnds. Considerable
shifting about of the zones of separation can be observed.

(5) A very unsteady flow is one in which the flow may pulsate with
a periodic frequency of approximately 3 cps. If the flow doesn~t pul-
sate, a rapid surging of the flow may occur with an erratic frequency of
about 1/2 to 1 cps and with an amplitude of *5 to *15 percent. The sepa-
rations may shift rapidly about and/or whip in snd out of the diffuser.

(6) A flow surge is characterized by random changes of the pressure
recovery with corresponding changes in the flow rate (flow rate increasing
with pressure recovery.) The rate of change may vary from very gradual
to quite sudden, depending on the particular circumstance.
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(7) A flOW p~=tion iS ctiacterized by a rapid periodic fluctua-
tion of the pressure recovery with corresponding periodic variations in
the zones of stall. A pulsation, unlike a surge, is further character-
ized by an audible beat.

m MO~S
4

Interpretation

Flow visualization was obtained by wool tufts, approximte~ 1 inch
long, placed throughout the diverging and parallel walls of the diffuser.
h addition, a single tuft fastened to the end of a thin metal rod was
used to explore the flow in regions away from the walls. The interpreta-
tions given the movement of each individud tuft are summarized as >ollows:

I Movement and orientation of tuft

Tuft held firmly against wall, pointing dcswn-
stream, no movement

Tuft held near wall, pointing downstream,
occasional wiggling

Major part of the time tuft pointing downstream
and wiggling; random “flickering” (tuft quickQ
points upstream and then downstream again)
indicating a temporary and 10CSJ.separation

Continual “whipping” of tuft in the upstream and
downstream directions indicating rapid and
chaotic occurrence and disappearance of
separation

Wjor part of the time the tufts are continually
whipping upstream and downstream; at random
intervals the tufts are temporarily held in the
upstream direction with their ends wiggling

Major part of the time the tufts are held in the
upstream direction with their ends wiggling;
temporary whipping of the tufts occurred at
random intervals

Tufts held in the upstream direction with their
ends wiggling; tufts are doubled back over the
Scotch Tape used to attach them to the”wall,
and they are therefore held approximately 1/8
to 1/4 inch away from the surface

me of flow

Steady, undis-
turbed ,flow

S%e* flow tit]
occasional
disturbance

Intermittent
transitory
stall

Local tratiito~
stall

Lo’caltransito~
S_k~ with
intermittent
fixed stall

Local fixed
stall with
intermittent
transitory
Stau

Local fixed
stall

Nota.
tion

None

None

I

T

TIF

FIT

F



30

It is important to note
describe the local flow in a
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that these interpretationsand definitions
small region under consideration; they do
chsracter of the overall separation. It

.

—

.
may be recalled that there are four regimesof flow, each of which is
characterized by a particular type of overall.pattern. (See the section
entitled “Introduction.~’)Oril.ytwo of these regimes will be considered
in the discussion given below, namely: (1) the regime of large transi-
tory stalls in which the separation varies in position, size, and inten-
sity with time (fig. 3(b)) and (2) the regime of fully developed stall
in which the flow is relatively steady and in which the separation is
nearly two-dimensional and firmly attached to one wall of the diffuser
(fig. 3(c)). Thus, for example, the diffuser may be operating in a con-
dition of fully developed stall, yet the separation in any particular
region msy consist only of local transitory stall. This will become
more evident in the following discussion on the flow characteristics
of the present unvaned diffuser with constant inlet conditions.

Effect of Tufts on Flow

Persh and Bailey (ref. 14) investigated the effect of the extent .

of surface roughness in a 230 conical diffuser. They found that the
percent of surface roughened had no appreciable effect on the pressure
recove~.,but that the presence of a small roughness strip just pre- r“

ceding the diffuser was sufficient to steady the flow. The cotiined
effect of the preceding roughness strip and the roughened diffuser sur-
face was to steady the flow even further. In the present diffuser
approximately 2 to 5 percent of the surface sxea was affected by the _
wool tufts. The tufts may have produced a slight stabilizing effect
on the flow, but this can be considered negligible because no difference
in flow characteristics could be observed with or without the tufts.
Therefore, since the tufts occupied only a small fraction of the sur-
face and were not located any closer to the throat than 5 inches and
since no difference in flow could be observed with or without the tufts,
it canbe concluded that the present diffuser surface.was essentially
equivalent to a smooth surface.

RESULTS AND DISCUSSION

The experimental results of the present investigation are presented
in tabular form in tables VI and VII. Graphical representations are
given in figures 18 to 36 and are discussed subsequently. The text has
been arranged in the following general form: (a) The performance of the
diffuser without vanes, (b) the performance of diffuser with vanes and
the development of the design criteria, (c) the evaluation of the design
criteria, and (d) conclusions.
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The accuracy of the experimental results varied with the flow
steadiness; therefore, uncertainties were estimated for both the most
accurate and the least accurate results, and these are given in table IV
along with the uncertainties of all the important measured variables.
The method of’Kline and McClintock (ref. 11) was used for estimating the
uncertainties.

DIl?FUSERWITHOUTV. fWl=3.0Q lIfCHES;

L/w~28.o; q= 2.4x 105)

General Flow Characteristics

A series of tests was conducted in which all of the inlet condi.
tions and L/Wl were held approximately cons-t. The flow character-

istics and the diffuser perfo~ce were recorded for 2e = 7.00, 14.00,
16.8°, 21.0°, zk.~”, 28.0°, 31.1°, 35.00, 38.2°, ad 42.0°. A de~criP-
tion of the typical separation pattern that occurred for each angle is.
given in table VIII. In figure 18 the location of each test configura-
tion and a brief description of the flow obtained for it has been super-

. posed on a plot of the flow regimes obtainedby Moore and Kline (ref. 4).
A study of table VIII and figure 18 will show that the present results
agree very well with the high-turbulence water-table results of Moore and
Kline. The reader may wish to refer to these figures during we fol-
lowing brief descriptions of the vaneless diffuser flow characteristics.

At 20 = 7.0° the fl.owwas very steady. No separations couldbe
observed at any location; however, very minor disturbances occurred at
the downstream edges of the diverging walls.

At 20 = 14.0° ,thediffuser setting was just above the high-
turbulence line of appreciable stall. The flow was quite steady but
intermittent transitory separation occurred in the downstream psrt of
the diffuser. The overall separation varied in magnitude and intensity
and shifted randomly from corner to corner. Simultaneously, slow mod-
erate wiations occurred in the throat static-pressure distribution.

At 20 = 16.8° the flow was unsteady, but the fluctuations were
not violent. Furthermore, a mild, faintly audible pulsation having a
frequency of approximately 3 cps was observed. The overall separation
shifted frequently from corner to corner while on the sane diverging
wall and occasionally shifted back and forth from one diverging wall
to the other. Although the overall sepskation was present at all times,
the local separation was of an intermittent transito~ character. The
throat static-pressure distribution was undergoing a continual change.
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Ah 20 = 21.0° the main overall separation, or stall, was firmly
attached to the west wall and extended to within a few inches of the
throat. ~is separation consisted of local transitory stall. Frequent
zones of intermittent transitory stall occurred on the lower regions of
the east wall. The main flow was quite unsteady, and very audible pul-
sations having a frequency of approximately 3 to 4 cps were observed.
The pulsations were strong but not violent. It is to be noted that at
20 = 21.0° and at each of the six remining angles discussed below, a
mirror image of the overall separation pattern was readily obtained by
diverting the flow flromthe wall along which it was moving to the oppo-
site wall. The flow was diverted by temporarily placing an obstruction
or vane in its path.

At 20 . 24.5° the flow was quite unsteady. There was a continual
redistribution of the throat static pressure accompanied by random
surging of the flow. Pulsations of the type observed for 20 = 21.0°
were not in evidence. The main overall separation was firmly attached
to the east wall. It was nearly two-dimensional in form and extended
to within a few inches of the throat; however, it consisted of local
transito~ stall with occasional small zones of temporary fixed stall.
Occasional “flickers” of transitory stall occurred in the lower portion *

of the west wall.

At 2e = 28.0° the diffuser setting was Just above Moore and nine’s -
high-turbulence line bounding the three-dimensional, transitory stall
regime from the two-dimensional, fully developed stall regime. The flow
was relatively steady; the overall separation extended to within a few
inches of the throat on the west wall and was very nearly two-dimensional
in form. The main portion of the overall separation consisted of a local
fixed stall with intermittent transitory stall. The side corners of the
overall separation, formed by the diverging wall and the parallel walls,
consisted primarily of local transitory stall. No separation was observed
on the “eastwall. Slow and moderate variations occurred in the individual
throat static pressures; however, the form of the static-pressuredistri-
bution remained essentially unchanged.

At 20 = 31.1° the flow was fairly steady, and no separation
occurred on the west wall. The overall separation was very nearly two-
dimensional in form and extended to within a few inches of the throat.
Overall, the flow was very similar to the flow at 20 = 28.0°. The
only exceptions were that the local fixed stall had become more pre-
dominant and the corner regions of transitory stall had grawn smalJer.

At 2e = 35.0° the flow was quite steady. The overall separation
was essentially two-dimensional, extending to within approximately 1 inch
of the throat on the west wall. It consisted primarily of local fixed
stti; however, on the edges of the ~in seP~ation there were a f-
local areas of transitory stall. No separation was observed on the east

.
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wall. The tuft movements indicating the local stall were
or violent as they were at 29 = 21.0° md 2e = 28.0°.
fluctuations of the throat static pressures occurred.

At 29 = 38.2° the flow was steady, and the overall

33

not so intense
Only minor

separation
was essentially two-dimensional. The local separation was entirely
fixed stall with the exception of the lower end of the diverging wall,
which was fixed stall with intermittent transitory stall. Again, only
minor variations occurred in the throat static pressure.

At 29 =42.0° the flow was very steady. The overa~ separation
was essentially two-dimensional and consisted almost completely of
local fixed stall.. It extended to within approximate~ 1 inch of the
throat on”the west wall. No separation was observed on the east wall,
and only minor fluctuations occurred in the throat static pressures.

The descriptions of the flow characteristics given above are some-
what subjective; however, it is believed that they illustrate the char-
acter of the different regimes of diffuser flow and the nature of the
local separation that occurs in each regime. It is noted that when the
diffuser operation first enters the fully developed stall regime, the
overall separation consists primrily of local transitory stall. How-
ever, as the operating point shifts farther into the fully developed
stall regime (say, at constant values of Lfi), the c@acter of the
local separation gradually changes from predominantly transitory stall
to predominantly fixed stall. The growth of the zone of local fixed
stall is from the throat towards the exit and outward toward the side
walls, as shown by the sketches in table VIII.

Diffuser P rformance.- A plot of the pressure-recovery coefficient
Cn and the pressure effi~iency qp obtained for thcrflows just

described is given in figure 19, and a brief description of the flow
corresponding to each test angle is given in figure 18. llroma study
of figures 18 and 19 mmy important characteristics of unmodified two-
dimensional diffuser “performancecan be seen.

First, it canbe seen that the maximum static-pressure recovery
occurs nesr the line of appreciable stall defined experimentally by
Moore and Kline (ref. 4). This result is in agreement with the pre-
liminary air work done by Moore and Kline using the present diffuser.
Further, the curve of maximum Cm obtained from Reid’s data (ref. 6),

which has been superposed on figure 18, also shows that the maximum
pressure recovery occurs near the point of appreciable stall. The
slope of Reid’s mimum Cm curve is not the same as the slope of

the line of appreciable stall obtained by Moore and Xline; however,
when it is considered that Reid used a different diffuser with different
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(although constant) inlet conditions, it can be concluded that the agree-
.

ment between the two curves is both reasonable and significant.

Second, it can be seen that the static-pressurerecovery begins to
fall off rapidly as the included angle is increased beyond the point of
maximum recovery, if both inlet conditions and L/Wl are held constant.

As the static-pressure recovery begins to decrease the flow becomes
unsteady and large regions of three-dimensional transitory stall develop.
When the included angle is increased further, so that the diffuser is
operating well into the transition region between the transitory stall
regime and the fully developed stall regime, the main separation attaches
to one of the diverging walls and becomes somewhat two-dimensional in
form. At this point, the local separation consists predominantly of
transitory stall, the flow is very unsteady, the fluctuations are largest,
and the pressure recovery is decreasing rapidly. As the angle is increased
still further the flow approaches the regime of stable fully developed
stall. Simultaneously, the local separation grows from a transitory stall
to a fixed stall and the flow becomes increasingly steady. In addition,
when the local separation becomes predominantly a fixed stall the pressure-
recovery coefficient attains a minimum value. Finally, when the included .
angle becomes large enough, the flow becomes very steady and the fully
developed stall consists almost entirely of local fixed stall.

Third, figure 18 shows that the line of appreciable stall does not
.

vary excessively even though the inlet conditions vary considerably.
This is illustrated by the curves in reference 4 which were obtained
for two different levels of inlet turbulence. Furthermore, the occur-
rence of appreciable amounts of separation at angles slightly larger
than the singleof mimum recovery, as observed in the present investi-
gation and by others, suggests that the line of appreciable stall should
approximately correspond to the line of maximum ~. As mentioned above,

a plot of the line of maximum Cm, fiomthe data of Reid (ref. 6), is

shown in figure 18. It can be seen that the line of appreciable stall
for all of Moore and Kline’s data and Reid’s line of maximum Cm do

not differ from a mean value by more than *25 percent for all values of
L/Wl, and in most cases the difference is considerably less. Further-

more, it can be seen that the high-turbulence line of appreciable stall.
obtained by Moore and KLine represents an approximate mean value of the
three cuxves. The implications of this are obvious; namely, this high-
turbulence line of appreciable stall can be used to obtain an approxi-
mate value for the angle of maximum static-pressurerecovery for any
plane-wall, subsonic, two-dimensional diffuser for the range of L/Wl

that has been studied. In addition. since the maximum static-pressure
recovery occurs near the point wher~ an appreciable amount of ~ransitory
stall begins to develop, the high-turbulence lirm of appreciable stall
obtained by Moore and Kline indicates the approximate value of the

.
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included angle at which a significant amount of separation is produced.
This latter idea will be shown subsequently to have an important applica-
tion in the design of the vane clusters.

It shoul.dbe noted at this point,that the works of Reid (ref. 6)
and Moore and Kline (ref. 4) and the present work have been conducted
with relatively thin inlet boun~ layers

(/6* WI
)

=0.003 - 0.010 .

For thicker and less favorable inlet boundary layers the actual line of
appreciable stall probably lies at lower values of 26 for a given value
of L/Wl than Moore and nine’s high-turbulence line of appreciable
stall; consequently, a larger error in predicting 2e for maximum recov-
ery or appreciable separation would likely be incurred. Systematic
studies of the effect on the line of appreciable stall of different inlet
boundary-layer thicknesses and shapes is now under study in the current
program, but data are not yet available; until data of this type are
available, the high-turbulence curve obtained by Moore and Kline should
be used with considerable caution.

The curve of pressure effectiveness qp given in figure 19 illus.

trates the fact that the maximum value of qp occurs at an appreciably

smaller value of 2e thm does the msximum value of ~. (This plienom-

enonwas also noted by Reid (ref. 6)). Using the definitions of qp

‘d c~ideal
it can readily be shown that such a phenomenon must

occur. For’this purpose, consider a diffuser having Wl, L/Wl, and

all inlet conditions held constant as the included angle is increased
from OO. At 2e = 0° the diffuser is sin@.y a pipe in which a loss in
static pressure occurs; thus, Cm < 0 and TIp= -m. At some small

positive value of 26 the momentum conversion will just offset the
frictional static-pressure loss; therefore, both Cm and qp will be

zero. As 2e is increased further Cm becomes positive and, for a

time, increases faster than C~ideal; however, as 2f3 is increased

still further the rate of increase of Cm is reduced by the additional

losses and by the production of a less uniform exit velocity profile.
It can be seen from the definition of qp that the logarithmic increase

of VP is equal to the difference of the logarithmic increases of cpR

and ~
ideal

; that is,

l-”geTp = lo& cpR - 10%!c~ideal

To find the msximum value of qp as a function of 2(3,the eqwtion is

differentiated and equted to zero. This yields
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or

(18)

Equation 18 shows that when the value of qp is a maximum the fractional

rate of increase with singleof Cm and of Cnideal is identical. Fur-

ther, since Cn is positive and since by definition both C~ideal and

ac
%.deal
ae

are positive, equation (18)

other words, the maximum value of Cm

maximum VP. Fcm angles greater than

()acmshows that —
be

>0. In

llp,max
cannot occur at the angle of

2e
np,max’

the Ideal pressure

recovery increases proportionately faster than the actual pressure recov-
,

ery and hence VP decreases with further increase in 2f3. However, the

actual pressure recovery will continue to rise with increase in angie .
until the added losses and increased rate of momentum efflux (brought
about by the increase in angle) actually exceed the theoretical gain in
recovery made possible by the Increased angle. —

The physical argument just noted regarding the relation between the
losses and the recovery is easily proved mathematically from equation (16)
as follows:

E. =
c~ideal - cm

ah
Differentiating and equating — to zero yields

ai7Lae%,deal--

ST= he

A discussion of the important effect of momentum efflux rate, as
evidenced by the exit velocity profile,
(ref. 3).

is given by Moore and KLine
They have shown that the optimum exit velocity profile Is

one-dimensional and that alteration in the profile has a very strong
effect on both recovery and effectiveness. A more thorough discussion
of the loss mechanisms and their relation to the optimum recovery and

.

.
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effectiveness
it depends on

is given in reference
a prior discussion of

It is interesting to note that

2. It is not repeated here
the mechanism of transitory

37

since
stall.

the optimun diffuser angle is not
necessarily that for maximum effectiveness. In fact where ~ressure
recovery and length are primary factors, as, for emle, in aircraft,
the maximum-pressure-recoverydiffuser would be much more suitable than
the maximum-effectiveness diffuser; the decision depends on the factors
of concern in each case.

Most of the work in the present investigation has been done at
total included angles ~eater than 21°. For this range of angles it
can be seen from figure 19 that there is little difference between the
curves of qp and Cm. This arises from the fact that the area ratios

for the geometries undeficonsideration yield values of
c~ideal

near

unity. As a consequence of the similarity of Cm and qp in this

region, the majority of the discussions to follow will be limited to
considerations of Cm only. Considerations of the envelope of qp

that can be obtained with properly designed vanes will be given
subsequently.

(DIFFUSER WITH VANES L/Wl - 8.0; WI = 3.CKI~CHES;

RWl = 2.4 X 105)

In the following discussions it should be remaibered that a and
u are defined by equations (1) and (2), respectively, unless it is
specified otherwise. In addition, the longitudinal position of the
clusters has been specified by the ratio b/a. This has been done in
preference to using the len@h c because it is believed that the ratio
b/a is more fundamental to the vaned diffuser flow.

Tests at 20 = 42.0°

Variations of n, f, and b/a.- For five values of vane length
(f = 3, 6, 9, 12, and 15 inches), clusters were assembled using 1, 2, 3,
4, and 5 vanes. Tests were conducted with each cluster using, generally,
four values of b/a. FAmilies of curves of Cm plotted against b/a

are given for each value of f in figure 20. A discfissionof the flow
characteristics obtained for each configuration would be prohibitively
long. Furthermore, it is believed that such detail is not desired since
the results of the near-optimum configurations are of primary importance
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in this investigation. Consequently, only a brief discussion of the
results obtained at each value of f is given below.

*

.
It should be noted beforehand that three features are common to

nearly all the curves shown in figure 20. These are as follows: (1) For
b/a increasing from unity, each curve of Cm either begins at a maxi-

mum value or attains a maximum value and then decreases; (2) as n is
increased from 1 to 5 the maximum value of .C~ iS increased; and

(3) the value of %/a, at which the maximum value of ~ occurs,
increases as n is increased.

The family of CpR cmves for f = 3.00 inches iS given in fig-

ure 20(a). The flow for all values of n at b/a = 1..0 was fairly
steam, although minor slow and random fluctuations occurred in the
throat pressures. The steadiest flow was obtained for n = 4. As b~a
was increased (i.e., as the clusters were moved farther downstream) the
fluctuations of the flow tended to increase; however, in all cases the
fluctuations were relatively small and slbw up to and somewhat beyond
the point of maximum Cm. The dashed portions of the curves Indicate
the region in which the fluctuations would probably be objectionable. 9

Unlike the results of the other vane lengths, the pressure recovery for
—

n= k was everywhere greater than the pressure recovery for n = 5.
.—

The curves of Cm for f = 6.00 inches are given in figure 20(b).
They are similar to the curves for f = 3.00 inches; however, the cor-
responding values of Cm are greater, and the maximum value of Cm

is obtained for n = 5. At b/a . 1.0 it was found that the flow for
n= 1 was only fairly steady and that the flow for n = 2 was quite
unsteady. For n = 3 and 4 the flow was steady and for n = 5 it was
very steady. Again it was found that the flow fluctuations increased
in frequency and the separation increased slightly in extent as b/a
was increased; however, the fluctuations were minor and slow up to and
somewhat beyond the point of maximum Cm. The regions in which the

flow fluctuations would probably be objectionable sre again shown by
the dashed portions of the curve.

The curves of CM for f = 9.00 inches are given in ffWe 20(c)0
These curves are similar to the curves for f = 6.OO inches; however,
the maximum value of Cm for n = ~ is appreciably greater than that

for either f = 3.OO or 6.OO inches. A comparison of the curves in fig-
ures 20(a), 20(b), and 20(c) shows that the trend of the longer vanes
for the larger values of n at values of b/a beyond the maximum value
of cm iS tow~d a greater rate of decreage of %R~ At b/a = 1.0

the flow was fairly steady for n = 1, 2, amd 3 and was very steady for
n. 4 and 5. The flow was satisfactorily steady for all values of b/a
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up to and somewhat beyond the maximum value of C~; that is, the pres-

sure fluctuations that occurred were slow and random ~d had amplitudes
of approximately *2 to t4 percent of the mean value of their respective
pressures. These fluctuations were primarily just redistribution of
the throat pressures and not changes in the overall mean pressure.

The curves of Cm for f = 12.00 inches are given in figure 20(d).
It can be seen that, compared with f . 9.00 inches, an improvement in
the maximum value of Cm for n = 3 and 4 was obtained; however, no
gain tis obtained for n = 5. At b/a = 1.0 continual redistribution
of the throat pressure and minor flow surges were obtained for
n. 1 and2. For n = 3 the flow was fairly steady, and for n . 4 and 5
the flow was very steady. As b/a was increased up to and just beyond
the maximum value of ~ for n = 3, 4, and 5 the flow fluctuations

increased in frequency snd the separations becsme slightly stronger; how-
ever, the steadiness of the flow was, again, quite satisfactory. For
n. 1 and 2, the flow appeared to become somewhat steadier as b/a was
increased. A new phenomenon occurred for the case of n . 5 and
b/a = 1.26. As the diffuser flow was being increased fhm zero to the
test value, a transitory stall developed in a corner of one of be outer
vme passages. (The corner was formed by the diffuser diverging wall
and parallel wall.) While the stall existed, small flow pulsations
occurred and the pressure recovery was q..te poor. On one occasion the
stall “washed out” of its own accord, and on others it was easily removed
by creating additional turbulence in the entrance flow. (Rapid hand
waving back and forth in front of the stall zone was sufficient to cause
it to wash out.) After the stall was removed the flow was quite steady
and, as can be seen from figure 20(d), the pressure recovery was very good.

The curves of cpR for f = 15.00 inches are given in figure 20(e).

The curves for n . 2, 3, ad 4 are quite simiW to the previous curves
obtained for the other values of f; however, the maxirmunvalues of CR

are somewhat greater. In other respects they are essentially the ssme
and need no further discussion. The curves for n . 1 and particularly
for n . 5 are quite different. For the case of n . 1 and b/a = 1.0
the flow wouildoccur in two different patterns, one in which the overall
separation was asymmetric, or three-dimensional, and the other in which
the overall separation was symmetric and nearly two-dimensional. It csa
be seen that a considerable difference in Cm was obtained for the two

different patterns. The symmetric separation, with the smaller value of
CR, was the preferred pattern (the flow would select this pattern more

frequently than the other). For the case of n =5 and b/a.l.23 an
instability phenomenon was discovered. me flow would exist for a time
in one of two different patterns; however, neither pattern was stable.
The pattern @ for which the largest value of ~ was obtained was
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steadier than the pattern @ for which the smaller value of
.

Cm was

obtained (see fig. 20(e) for the locations of-@ and @)). However, in
pattern @ the flow was subject to an almost continual redistribution .

of the throat static pressure and to occasional sudden surges or pulsa-
tions. If the flow was disturbed, for example, by a slight blockage of
the entrance flow, the flow would shift to pattern @) . Unlike pattern @t
the separation in pattern @) was quite extensive and asymmetric. In fact,
in one corner of one of the outer vme passages there was a continual flow
which actually came up through the outer channel and went back down through
the adjacent channel. The flow “spilled” over approximately 2 to 3 inches
of the outer vane leading edge. While in pattern ~, the flow was quite
unsteady and was sub~ect to fTequent surges.

—
On one occasion the flow

shifted back to pattern @; however, pattern @ was preferred.

A comparison of the approximate size and location of the zones of
separation that occurred In the diffuser, with 2e set at 42.0°, is
shown in figure 21. Figure 21(a) illustrates the separation that occurred
in the unvaned diffuser. This has been described previously. Figure 21(b)
illustrates the type of separation, or stall, that occurred with the vanes
installed. Note that the major part of the separation is found on the
parallel walls and not on the diverging walls in the vaned unit. It was

*.

found that the vane holding mechanisms (the dowels and hooks used t-osiiS-
pend the vanes) were partly responsible for the side-wall separation. In
a test which will be discussed later, it”is shown that an appreciable

● .

improvement in Cm can be obtained, In some instances, by improving the

holding mechanisms.
—

Determination of optimum value of f.- The maximum value of Cn,

for which the flow is at least fairly steady, has been determined from
each of the curves in figure 20. from these data, curves of maximum Cm

have been plotted in figure 22 using n as .~heparameter.
—

In addition,
values of L~W1 obtained from Moore and Kline’s high-turbulence line of -

..-

appreciable stall (line aa In fig. 3) have been superposed on each cor-
responding curve. Note that f/a and a for the vane clusters ,me equiv-
alent, respectively, to L/Wl and 2e for a diffuser. From figure 22
it canbe seen that (f/a)as falls near the Wee on the flat upper per-

tion of each curve in every case. This is both fortunate and very signi-
ficant. It may be recalled that the line of appreciable stall indicates
the approximate included angle at which appreciable separation is devel-

.-

oped in a plane-walled, two-dimensional diffuser. Thus, it would be
anticipated that when this situation occurred in the vane channels
further increases of f/a for fixed values of a would result in
increased zones of separation and hence would yield little or no fur-
ther increase in the diffuser pressure recovery. This Is in-complete
accord with the present experimental observations as shown in figure 22.

.-.

.
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.

.

.

“

Further explorations made with the “tuft probe” did, in fact, reveal that
increases of vme length for constant values of a and a resulted in
increased zones of separation in the ends of the vane channels and occur-
rences of minor separations at the trailing edges of several of the vanes.
Thus, at least for the case of 2El= 42.0°, the high-turbulence line of
appreciable stall (ref. 4) can be used to determine the optimum value of
f simply by rddng f/a = (f/a)as for the corresponding value of a.

Determination of optimum value of n.- A comparison of the mximum
values of Cm obtained for each value of n can be made from the
curves in figure 22. However, it is more illuminating if these values
are plotted against the vane angle a where a = 2e/(n+ 1). This @s
been done in figure 23. The resulting curve shows that at least a near-
maximum value of ~ @as been obtained. It shows, further, that the

addition of anotheq vane (n = 6 and a = 6°) would probably result in a
small decrease of CM. Therefore, it can be concluded that the value

k2.d!Oo
of n for which a = is at least very near the optimum value for
the case of 2f3=

Effect of variation of ao/a.- At the outset of the present investi-

gation it was suspected that the diffuser performance might be optimized
by making small adjustments i~ u. In order to investigate this possi-
bility, tests were conducted for several values of a with n = 5,
f = 15 inches, f/a =30, and b/a=l.01. The results of these tests
are shown by the curve of Cm plotted against aola given in figure 24.

It canbe seen that the maximum value of Cm occurred at or very near

~o/a = 1“ In other words, the equal-angle arrangement defined by equa-

tion (3) is sham to yield the best performmce. It must be remembered
that there are other possible ways in which to sdjust the angle settings
of the vanes; that is, it may be that unequal adjustments of the individ-
ual values of a in a given cluster will yield an improvement in cm.

Adjustments of this type were precluded by the restrictions imposed on
the vane cluster geometries. However, in view of the good pressure
recovery that can be obtained with the present cluster geometry, it is
not likely that a large increase in cpR can be obtained by such addi-

tional adjustments.

Determination of optimum value of a.- Tests were conducted using
two additional values of a for f . 15 inches and a = 7.0°. Denoting
a of equation (1) by al, these values were as follows: a<al and

a > al. Since a was not the same in all of these tests, the values of

pressure-recovery coefficient shown in figure 25 have been plotted against
(4a + 2b)/W1 instead of against b/a. For a given value of (4a + 2b)/WI

the cluster has the same value of c regardless of the value of a. It
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is interesting to note that

considerably less than that

with a > al

obtained with
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the resulting value of cm was “

a = al, except for one test

point. Furthermore, the flow was not so steady with a > al. For .

a < al, the resulting flow steadiness and Cm were comparable to those
obtained for a . al; however, in the useful rsnge of ,(4a + 2b)lW1, the

pressure recovery for a = al was slightly greater. (The fluws were

fairly steady, or better, only for the region ~4a+2b)/W~ <1.065.)

It.can be concluded from these results that thernost suitable value of
a is al for 28 = 42.0°.

Effect of vane end clearance.- Since in a practical design the vanes
would probably be constructed without end clearance, a brief investiga-
tion was made of the flow in the regions of the ends of the vanes. It
was found that the flow on the parallel walls went diagonally downstream
from the inner vane channels towsrds the outer vane channels. Tests were
consequently conducted using a near-optimum cluster geometry for the fol.
lowing situations: (1) The cluster placed against one of the diffuser
side walls, thus fixing all the end clearance at the opposite end; (2) the
cluster centered between the side walls (the usual procedure); and (3) the “
clearance at both ends of each individual vane sealed with drafting tape.
The results’of these tests, along with the cluster geometry and orienta-
tion, are presented in table IX. The difference between the pressure-

.

recovery coefficients obtained for the unsealed noncentered cluster and
the unsealed centered cluster indicates that there is a significant
effect due to.the asymmetric positioning of the cluster. When the cluster
was placed against the diffuser side wall, the separation pattern was
asymmetric with respect to a plane parallel to, and midway between, the
side walls. Nearly all the separation was located on the end-clearance
side. When the cluster was centered, the separation was symmetrical
and similar to that illustrated in figure 21(b). The flow was steadier
when the cluster was centered; however, it was satisfactorily steady
even when the cluster wasntt centered.

When the ends were sealed with tape, the resulting flow was essen-
tially the sane as that for the centered unsealed cluster. Of course,
the flow pattern on the side walls in the region of the cluster was dif-
ferent because the crossflow was prevented; however, no appreciable dif-
ference in the side-wall exit flow could be observed. The pressure-
recovery coefficient obtained for the centered unsealed cluster is shown,
in table IX, to be slightly greater than the pressure-recovery coefficient
obtained for the sealed cluster. Since the difference obtained is within
the uncertainty interval of C~, no significant trend was established;

however, it can be concluded in the case of the optimum
20 = 42.0° that when the clusters are centered the end
no significant effect on the diffuser performance.

clusters at
clesrance causes

.
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Tests at 26 = 28.0°

With 2e set at 28.0° tests were conducted which were comparable to
those described above for 20 = 42.0°. The same values of f were used,
but n was limited to 3 with the exception of one cluster for which
n=k.

Variations of f, n, and b/a.- The results obtained are shownby
the families of pressure-recovery curves given in figure 26. The general
characteristics of these curves me similsr to the corresponding curves
presented for 20 = 42.0°.

For f . 3.oO inches the curves of Cm are given in figure 26(a).

It is interesting to note that, although very considerable improvements
in Cm were obtained, the flow steadiness was unsatisfactory for nearly

all the configurations with f = 3.00 inches. For n = 3, with b/a
equal to approximately 1.2, two values of Cn were obtained, one for

each of the two flow patterns that occurred. The transition which
occurred in shifting from one pattern to the other was not violent, but
the large difference in ~ nevertheless illustrates the unsatisfactory

character of the flow. Two patterns occurred for some of the other test
,configurationsin the regions shown by the dashed curves; however, no
additional data were recorded for these patterns.

The results obtained for f = 6.00 inches are given in figure 26(b).
It canbe seen that, overall, the flows were steadier than those obtained
for f = 3.00 inches. The character of the unsteady flows had changed;
that is, they did not shift back and forth between different patterns.
Instead> they fluctuated about a given pattern. With n = 1 and 3 for
b/a . 1.21 and 1.52, respectively, audible ptisations occ~ed haviw
a frequency of approximately 3 cps.

For f = 9.00 inches (fig. 26(c)) the flows obtained with
n= 1 and 2 were not much steadier than the corresponding flows for
f = 6 inches. Audible pulsations occurred for all the tests with n = 1
and for n = 2 when b/a = 1.38. The flows obtained with n = 3 at
b/a = 1.00 and 1.16 were very steady; however, the sewations in the
flow at b/a = 1.16 were stronger and more extensive than those at
b/a= 1.00. The fluwa.t b/a = 1.35 and n= 3 was critical and would
occasionally break down into a pulsating flow for short pericds of time.
For b/a = 1.48 and n = 3 the flow was very unsteady, and an exten-
sive asymmetric corner stall developed in which the separation zone
extended up to the region of the -e leading edges. A continuous over-
flow from the outer channel into the adjacent channel occurred along
several inches of the corresponding outei vane leading edge.
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Four curves of Cm

me 26(d). Again, for n

“

are presented for f . 12.00 inches in fig-

. 1 the flow was unsteady for all values of
b/a. With n = 2 the flow was just fairly steady. With n = 3 the .

flow was very steady for a value of b/a less than that at maximum Cm:

at b/a . 1.28 the flow had become critical and at b/a = 1.42 it was
quite unsteady. The flow obtained for n = 4 exhibited somewhat differ-
ent characteristics; it was very steady over a range of b/a from zero
to approximately 1.4. As b/a was increased further, the fluctuations
developed in size and frequency until, at b/a . 1.64, the flow was only
fairly steady. Two values of Cm are shown at b/a = l.~. The lower

value was obtained in bringing the flow up to speed. The initial flow
was unsteady and had large regions of asymmetric separation. It appeared
to be “stable,” but in the course of 10 to 15 minutes it shifted, by
stages, to the fairly steady flow for which the larger value of CR

was obtained. This latter pattern was stable.

The results obtained for f = 17.00 inches (fig. 26(e)) were
practically the same as those obtained for f = IZ.00 inches. The only
significant exception was that the values of Cm for n = 3 and

f = 15.00 inches
--

were slightly less than the corresponding values for
f = 12.00 Inches. The flow steadiness and the zones of separation were
essentially the same in all respects. .

In summmy of the above flows at 2e = 28.0°) it my be said that
the characteristics of the flows which were suitable for practical appli-
cation were similar to those obtained for 2El= 42.0°. The flows were
the steadiest for b/a = 1.0. As b/a was increased up to its maximum
useful value the fluctuations Increased in size and frequency. In addi-
tion, the zones of separation increased in size and intensity. As before,
useful flows were considered to be those which were at least fairly steady.
Figure 21(b) again illustrates the separation patterns which occurred when
the diffuser had an efficient vane design, for example, using
f = 12.M inches, n =3, and b/a=l.2.

It was considerably more difficult to obtain a steady flow for
20 = 28.0° than for 2e = 42.0°. This is illustrated by the fact that
at 2f3= 28.0° all of the flows for n = 1 and several of the flows for
n. 2 were unsatisfactory for practical application. This is probably
due to the fact that the unvaned diffuser flow at 2e = 28.0° is just
out of the regime of large transitory stall (figs. 18 and 19).

Determinaticm of optimum value of f.- The maximum value of Cm

that canbe obtained for each value of f and n was determined fimn
figure 26. These values of Cm were plotted against f/a using n

as the parameter (fig. 27). The value of,,f/a corresponding to the
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high-turbulence line of appreciable stall obtained by Moore and Kline
is shown by the ~olid symbol point on each curve. It can be seen that
(f/a)as again falls approximately on the high side of the knee of each
curve; however, in the case of n = 3 a maximum value of Cm was

obtained just before f/a = (f/a)as. Explorations with tuft probe
revealed that the zones of separation in the vane channels increased
when f/a was increased with a held constant. When the flows were
at least fairly steady, the separation patterns that occurred were simi-
lar to the pattern illustrated in figure 21(b). For the case of n . 3,
f = 15.00,inches, and b/a = 1.2, additional stalls were observed in the
region of the trailing edges on the inner surfaces of several of the
vanes. These results are in very good agreement with the results obtained
for 2e = 42.0°; the only significant difference is t~o~omewhat unstead-
ier flows were obtained with n = 1 and 2 for 2e = . . It iS
believed, however, that this difference does not detract from the signif-
icance of the concept of using the line of appreciable stall for deter-
mining the optimum value of f.

Determination of optimum value of n.- The maximum value of Cm

obtained for each value of n, with f = 12.00 inches, has been plotted
against u in figure 28. It is interesting to note the rapid decrease
of Cm that occurred when n was increased from 3 to 4. This phenom-

enon strengthens the assumption made previously regarding the addition
of another vane in the comparable tests at 2e = 42.0°.

Figure 28 shows that, for 2e = 28.0°) the most suitable value of
n is that which makes a = y.oo, Since this sane conclusion was reached
for 2e s 42.0°, it is reasonable to conclude that, for the range of 26
investigated, when 2El is a multiple of 7.0° then the optimum value of
n is that which makes a =“7.0°. Additional considerations reg~ding
diffusers in which 2e is not an exact multiple of 7.0° will be pre-
sented subsequently.

Effect of variations of ao/a.- Tests were conducted which were com-

parable to those discussed previously for 2e = 42.0°. For the present
case two values of b/a were used with f . 12.00 inches and n . 3.
The results for b/a = l.~, which correspond to the configurations
tested at 2f3=42.0°, are shown in figure 29. Unlike the former results,
it can be seen that the ratio of ao~a is not critical. Furthermore, the

msximum value of Cm occurs at a value of a.la slightly greater

than 1.0. The results which were obtained for b/a = 1.20 are also
shown in figure 29. At this position, however, the angle adjustment was
critical, and the maximum value of Cm occurred at aola = 1.0. The

latter results are in agreement with the results obtained for 2e = 42.0°.
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.

The results of the vane-angle ad~ustment tests obtained thus far
lead to the conclusion that the equal-angle arrangement is the most
suitable when the diffuser total included angle is a multiple of 7°.
This is justified on the basis of the simplicity afforded by the equal-
angle arrangement and also by the fact that the maximum value of cm

occurs at or very near aola = 1.0.

—

Determination of optimum value of a.- Tests were made using three
values of a with.–n = 3.0, f= 32.00 inches, and a = 7.0°. These
values were (1) a = al (where al is determinedly equation (l)),
(2) a > al, and (3) a < al. From the resulting curves shown in fig-

ure 30 it can be seen that little difference in Cm was obtained over

the useful range of (2a + 2b)/Wl, regardless of whether a is greater

or less than al. Overall, the flow was slightly steadier and the maxi-

mum value of Cm was slightly larger when a = al. ,Considering the

desirability of a simple criterion, and on the basis of the results thus
far presented, it can be concluded-that the most suitable value of a

Effect of vane end clearance.- End-cleaYance tests were conducted
which were identical to those described for ‘2f3= 42.0°. The results, ●

along with the cluster geometry and orientation, are presented in “
table IX(b). The difference obtained between any two values of c!~

is less than the uncertainty interval for Cm. Further, the flow

steadiness for each configurationwas essentially the sine. Conse-
quently, it can be concluded that, for the optimum clusters at
20 = 28.0° and 42.00°, the “endclearance has no significant effect on
the diffuser performance. “It is noted that the effect of cluster end
clearance has been evaluated only for odd values of n, and since the
holder mechanism is different for even values of n, it cannot be said at
this point that the end-clearance effect is negligible.for even v~ues of .. __
n. Further considerations for even values of n eke given subsequently.

Detetination of optimum value of b/a (2(3= 28.0° and 42.00).-
There are at least two considerations involved in obtaining a good dif-
fuser performance. One is the production of & smooth flow and the other

—

is the attainment of a large pressure recove~. With these ideas in
mind a study was made of the curves given in figures 20 and 26. It was
found that a steady flow was reasonably insuFEd and a near-maximum value
of Cm was obtained when b/a was set eqml to 1.2. Conservative

design for good recovery w~th assurance of steady flow might well be a
compromise value of b/a in the neighborhood of 1.1 since the curves of
Cm plotted against b/a for optimum values of n are qUite fl-at.

.

.
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These considerations of b/a are completely
to the near-optimum cluster configurations.

47

empirical and are limited

.

Sumnmy of Results for 20 = 28.0° and 42.0°

The vane design criteria that has been thus far developed can be
summarized as follows:

.

(1)

(2)

(3)

20
An equal-angle cluster should be used where a = —.

n+l

The number of vanes n should be selected so that a = 7.00.

The vane spacing a should be determined

WI
a = —.

n+l

(4) The vane length f should be selected so
where (f/a)as is obtained from Moore and Kline’s
of appreciable stall (ref. 4) at the corresponding

(5) me cluster should be positioned so that

from the relation

that f/a = (f/a)as,
high-turbulence line
value of u.

b/a = 1.2.

When a satisfies the definition given in item (1) then item
(2) is not applicable unless 2(3 is a multiple of 7.00. Considerations
for 2e when it is not a multiple of 7.0° are given below.

Items (3), (4), and (5) do not directly involve 2e. For the range
of 2e investigated, it ik believed that they are applicable for all
values of 2t3 regardless of whether 2e is a multiple of 7.0°. No
additional testing was done to investigate explicitly the suitability of
items (3), (4), and (5). However, the excellence of the pressure recov-
eries that were obtained in later tests leaves little doubt of the ade-
quacy of these criteria.

Investigations at Other Angles

Determination of optimum value of n for any value of 2e.- This
part of the experimental investigation was designed on the basis of the
following hypothesis. For any angle 213, n should be selected so that
the difference between the resulting value of a and 7.0° is a tinimum.
(It is to be understood that a is defined by equation (2).) The curve
of a which yields the minimum difference between a and 7.0° is plotted
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against 2El in figure 31. There are
between 14.0° and 42.Oo, at which ~

26 = 16.8°, 24.0°, 31.1°, and 38.2°.

2e = 16.8°, 24.5°,1 31.1°, and 38.2°.
each of’these tests, namely, n and

NACATN 4309

four values of 26, in the range
-7=7-%+1. These values are

Tests were conducted at values of

TWO values of n were used for.
n + 1 for which a was, respec-

.

a

.
—

tively, greater than and less than ~.OO. In addition, tests were c&-
ducted at 2e = 21.0° with n = 1, 2, and 3.

In all these tests, the values of u, a, and b/a were determined
from items (l), (3), and (5) given in the preceding summary. It was not
possible to use the exact values of f specified by item (4) because only
five vane lengths were available, Howeverj with the exception of
26 = 16.8°, the actual values of f were sufficiently close to the
specified values to assure performance consistent with the design cri-
teria. Fortunately, the performance obtained at 2e = 16.8° also appears
compatible with the design criteria.

-r

It was intended that the curves of Cm plotted against 2e, obtained

for each value of n, would be extrapolated to determine their points of
intersection and thereby locate the value of 26 at which C~n = C~n+l. - -

The combined curves of Cm would determine an envelope of maximum Cm.

The criterion for the determination of n at any value of 2f3 would ●

then simply be a matter of selecting that value of n corresponding to
the point in question on the envelope.

Before considering the results of the above tests, it should be
noted that a series of tests was conducted at 2f3= 14.00. Several
values of b/a were studied for each value of f with n = 1.0. It
was found that the maxi&un value of Cm obtained with the vanes was

identical to the value of Cm obtained without the vanes.

The results of all the above tests are presented in figure 32. It
can be seen that the curves of Cm obtained when n was even fall

below the envelope of Cm described by the curves obtained when n

was odd. This was not altogether surprising because it had been sus-
pected that the vane holding mechanism for odd values of n was more
favorable than the mechanism for even values of n. It is shown in
figure 10 that a du.mqyvane end was required when the value of n was
even but not when the value of n was dd. It is believed that the

126s 24.5° was used in place of 2e = 24.0° because the diffuser
was inadvertently set at the former value. Since 20 = 24.5° would
accomplish the desired objectives, it was felt unjustified to spend the
additional time required to read~ust the diffuser. .

.
.
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.

additional disturbance of the,flow caused by the d= vane end is respon-
sible for the anomaly shown in figure 32. This belief was substantially
verified in a later test at 2El= 31.1° in which the vane holding mecha-
nism for even values of n was modified. The pressure-recovery coefficient
obtained for this test is indicated in figure 32. A more detailed dis-
cussion of the modified holder mechanism is given below. *-’ *

The envelope of Cm defined by the curves for odd values of n
can be used to determine the desired values of n for any given 2e.
However, it is probable that the vane ends would be attached directly
to the diffuser walls in an actual application where no requirement for
adjustment existed. At any rate, the actual mechanism would undoubtedly
be more streamlined than the da vane end used in the present investiga-
tion. Therefore, it is more realistic to estimate the probable value of
Cm which would be obtained with streamlined holders for n = 2 and 4.

Such an estimate is shownby the dashed curves in figure 32.

Modification of vane holder, 2e = 3~m~o.- A photograph of the
assembled cluster and the modified holder mechanism is shown in fig-
ure 1O(C). With the exception of the holder mechanism, the cluster was
identical to the four-vane cluster in the tests described in the pre-
ceding section.

.
The modified holder mechanism consisted simply of four steel dowels

inserted into four small teardrop-shaped receptacles. Each receptacle
was soldered to its respective cluster assembly dowel. No provisions
were made to adjust the position of the holders relative to the cluster.
The cluster MS positioned at b/a = 1.15 instead of at b/a = 1.2 in
order to reduce the overall size of the receptacles required. If the’
cluster had been positioned at b~a = 1.2, then the axis of the supporting
dowels would have intersected with the axis of the cluster assenibly
dowels. At b/a = 1.15 the supporting dowels passed under the cluster
assembly dowels; consequently, receptacles of smll cross section cotid
be employed. As mentioned previously, the pressure-recovery Coefficient
increased markedly with the mcdified hangers. The test point is shown
in figure 32.

An additional test was made in which the end clearance of the cluster
was sealed with drafting tape. In contrast to the results of the previous
tests of this character, a significant difference in Cm was found to
occur. The values of Cm obtained are as follows: With no tape,

cm = 0.706; with tape, Cm = 0.735. The flows were steady in both

instances, but if a choice were to be made it would be in favor of the
taped or zero-end-clearance flow. It is not fully understood why such
a difference occurred when the modified holders were used. It has been
shown previously that no such effect occurred when the values of n were



50 NACA TN 4309

odd. However, for odd values of n the center vane serves as pert of
the holder mechanism and as a result there are few obstructions in the
flow. It is possible for odd values of n that most of the disturbances
which are caused by the holders are damped and confined irm@LI.atelyby
the presence of the center vane. Consequent~, the addition of tape
over the end clearance serves little purpose. In contrast, for even
values of n there is no center vane to affect my control of the dis-
turbance created by the holding mechanism; that is, the disturbances
may Propagate downstream mzch more readily. Thus, it may be that when
the end clearances are sealed for even values of n the holder distur-
bances are confined to the center channel and consequently an increase
in Cm results. This explanation is plausible; however, it is only

“

—

a

conjectural. -T.. —

The significance of the present overall results is not lessened by
the fact that the holder mechanism and the end clearance for even values
of n reduced the actual value of Cm below what it was possible to

obtain. In other words, the relative effects for even values of n could
still be determined and this was the more important matter. The only
instance in which the reduction in Cn was detrimental was in the gen-

eral determination of the optimum value of n. However, since the order
of magnitude of these effects has been determined (see the test points
for the modified holder given in fig. 32), it is believed quite reason-

.

able to estimate the probable value of Cm for even values of n. The

results thus obtained are very plausible and any deviations of Cm from

the estimated curves should be quite small.

Effect of variation of ao~a at 2e = 24.50.- TWO c~es of CPR

plotted against so/a are given in figure 33, one for n“= 2 and one

for n = 3. The cluster geometry and position corresponding to both
values of n were as follows: f = 15 inches, a = W1/(n+ 1), and

b/a = 1.2. At 29 = 24.5°, a = 8.00 with n= 2 and a =6.00 with
n = 3. With these configurations, it was possible.to study the effects
of adjustment in m when total divergence angle was not near a multiple
of 70.

The curves in figure 33 show that the value of aoia is not criti-

cal for either value of n over the range of a investigated. The
maximum value of Cm for each value of n appears to occur at values

of aola slightly less than 1.0; however, the difference between the

maximum value of Cm and the value at so/a = 1.0 is insignificant.

From this evidence and from the results that have been presented previ-
OUSly, it can be concluded that the eqml-~e arrangement iS the most
satisfactory over the range of 2e which has been investigated.
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. DESIGN CRITERIA

.
Finally, a sunmm.rycan be made of the complete design criteria which

has been developed in the present investigation. It is to be recalled
that the vane cluster geometries are restricted as follows: (1) The
vanes are of equal length f; (2) the vanes are uniformly spaced with
respect to each other; (3) the value of a is eqpal for all adjacent
vsmes; (4) the leading edges of the vanes are tangent to a plane per-
~ndicular to the geometric axis of the diffuser; and (5) the cluster
is symmetrically disposed with respect to the diffuser. The vanes in
question are simple thin flat plates which have well-rounded leading
edges and smoothly faired trailing edges.

The design criteria have been developed under the condition of a
relatively thin and favorable turbulent inlet boundary layer. It iS
reasonable to assume that results, comparable to the present results
may be obtained with 5*/W1 several times larger than the present value

of approximately 0.003. However, the effect of the inlet boundary layer
on the performance of a well-varieddiffuser is not known and awaits fur-
ther study. Until such information is available, it is to be understood
that the following statements concerning the diffuser performance and
flow characteristics can be applied with assurance only to diffusers

. having “thin” turbulent inlet boundary layers.

An excellent pressure recovery and a reasonably smooth flow can be
obtained with a two-dimensional, wide-angle, plane-wall, subsonic dif-
fuser when the previously described vane clusters are installed in
accordance with the design criteria given below. For L Wl= 8, the

/
smllest value of 2e for which vsmes are helpful is approximately 14.5°.
The varied-diffuserperformance has not been studied for values of 2e
significantly larger than 42.0° because of geometric limitations of the
apparatus. T!hecriteria are:

(1) The @e a should be determined from the eqmtion

(2) The proper value of n, for aqy given value of 2El,may be deter-
mined from the envelope of Cm shown in figure 32. (The estimated por-

tions of the curve for n = 2 and n = 1+ shouldbe used in preference
to the actual curves obtained from this investigation.) When 2f3 is a
multiple of 7.0° then n should be selected so that a = 7.0°.



52 NACA TN 4309

(3) The vane spacing a should be determined from the equation

W1
a =—

n+l

(4) The vane length f should be selected so that f/a = (f/a)as.

The value of (f/a)a~, corresponding to a dete~nedby item (1),

should be obtained from the high-turbulence line of appreciable stall
obtained by Moore and KLine (ref. 4). This curve is shown as line u
in figure 4.

(5) For optimum recovery, the cluster should be positioned so that
b/a . 1.2; where smooth flow is more important a lower value of b/a
in the rsmge of 10 < b/a < 1.2 should be used.

Performance Obtainable at 2e . 28.0° Over Range of L/Wl

It was beyond the feasible scope of the present investigation to
map out completely the performance of the varied-diffuserconfigurations.
However, in order to evaluate typical performance capabilities of a
well-varieddiffuser over the usual range of practice in terms of length
ratio as well as divergence angle, tests were conducted with the fol-
lowing values of L/Wl: 4.17, 6.25, 10.4, E.5, 15.6, and 18.8. values

of n, a, a, and “b/a were selected in accordance with the design
criteria. Again, it was not possible to use the exact required values
of f because only five vane lengths were available. The actual values
of f employed are given in the following table for the conditions
2e = 28.00, n = 3, a =7.0°, ~d (f/a)as = 19.3:

<

k>
f, in.

a) L,

in. in. Required Used in.

1.50 28.9 15.0 25.0
::: 1.00 19.3 15.0 25.0
2.40 .60 11.6 12.0 25.0
2.CQ 9.65 25.0
1.60 :E 7.72 ;:: 25.0
1.33 .33 6.44 6.0 25.0

With the exception of WI = 6.OO and 4.03 inches, the actual values of

f were in reasonable agreement with the required values. It is inter-
esting to note that when W1 = 6.OO inches the required value of f

is greater than the length of the diffuser. Obviously, in such a case
the vanes should not extend beyond the diffuser exit plane. Conf@ura-
tions of thfs type are commonly known as Oswatitsch diffusers. (Am
Oswatitsch diffuser is a wide-angle diffuseT divided into a number
of ~ passages all running the full length .ofthe diffuser.)

.

.-
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The curves of Cm obtained with and without the vanes are given
in figure 34. Two values of throat-width Reynolds number were used, and
it can be seen that this produced a very large effect on the recovery of
the unvaned unit but essentially no effect on the recovery of the vaned
unit.

The nature of the difference between the two curves of unvaned-
diffuser performance shown in figure 34 is quite inexplicable. Previous
results have shown that an increase in turbulence level tends to fore-
stall the onset of fully developed separation as the angle is increased
at a constant value of L/Wl. Figure 18 shows that at 26 = 28.0° an

increase of turbulence level should produce a similar phenomenon as
LjWl is increased at a constant value of 2E1. Since it is shown in

figure 14 that an increase in Reynolds nuuibercorresponds to an increase
in turbulence level, it would seem logical that the higher Reynolds num-
ber curve in figure 34 should have the break at the higher value of L/Wl .

Actually, the converse occurs. The cause of this phenomenon was not
explored further because the phenomenon itself does not detract from the
desired objective. In fact, the difference between the two vaneless-
diffuser-performance curves helps to illustrate the beneficial effects
of the vanes. In other words, without the vanes the performance of the
given geometries was quite dependent upon the inlet conditions. However,
when the diffuser was vaned in accordance with the above design criteria,
a good performance was obtained which was essentially independent of the
inlet conditions, and good recovery and smooth flow were obtained for
each geometry tested.

It has been mentioned that the actual values of f for
L/Wl = 4.00 and 6.OO were considerably less than the values specified

by the design criteria. Figure 34 shows that the resulting effect on
Cm was not large at L/Wl = 6.o. For this case f was only approxi-

mately 22 percent smaller than the value specified by item (4) in the
preceding section. However, the effect at L/Wl = 4.0 was appreciable.

For this case the design criteria called for an Oswatitsch diffuser, but
the longest vane available was too short by approximately 32 percent.
The agreement that is shown in figure ~ between the extrapolated por-
tion of the varied-diffuser Cm curve and the predicted behavior of

the appropriate Oswatitsch diffuser is felt to be particularly encour-
aging. In order to predict the performance of the Oswatitsch diffuser,
a unit was visualized which was divided over its full length into four
vane channels. Each individual vane channel then had a 7.0° total diver-
gence angle and a value of f/a which was four times the value of the
diffuser L~W1. 1% this geometry the vane-channel area ratio R was

calculated, and the corresponding value of Cm was obtained from the
data of Reid (ref. 6).
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In all the varied-diffuserconfigurationsthe resulting flows were
.

at least fairly steady. On the other hand, the flows obtained for sev-
eral of the vaneless configurationswere definitely unsteady. The separa- .
tion patterns obtained for all the vaned configurationswere very much
like the pattern illustrated in figure 21(b).

Summary of Performance Obtainable Using Present

Vane Design Criteria

Recovery, effectiveness, and head loss.- Curves of Cm,
c~ideal>

7P, and EL are given in fi~e 35. Ih figure 35(a) smooth curves of

Cm and qp have been drawn for the varied-diffuserresults; the curve

of Cm was obtained by taking a mean of the odd values of n and the

estimated even values of n fhm the curves given in figure 32. (This
method is believed to be valid for the reasons given previously.) The
curves of ?p and EL were calculated from the curves of cm and

c~ideal
shown in figure 35. .

Figure 35 clearly illustrates the good performance that canbe
obtained by using the varied-diffuserconfigurations specified by the .

present design criteria. For a value of L/Wl of approximately 8.o,

a nearly twofold improvement in cpR can be obtained at an included

angle of 42.0°. (It is probable that comparable results c% be obtained
for much larger angles.) More importantly, for any value of 2e from
14.0° to at least 42.0°, a value of Cm may be obtained which is nearly

equal to the maximum value of Cm obtainable with a vaneless diffuser —
set at its optimum-pressure-recoveryangle. In other words, using vanes,
it is possible to design two-dimensional,wide-angle diffusers which will
perform ne=l.y as well as, if not better than, the former two-dimensional
optimum-pressure-recoveryvaneless diffusers. The excellence of the
pressure recoveries obtained at a constant angle (20 = 28.0°) with vari-
able values of L/Wl also suggest strongly that satisfactory pressure

recoveries can be obtained for any combination of 26 and L/Wl over

the range of the parameters investigated. Furthermore, it is relatively
certain that satisfactorily steady flows wild also be obtained for all
configurations using the design criteria developed.

The curve of CpRHed shown in figure 35(b) (for 2EI= 28.0°)

decreases slowly as L/Wl is increased beyond approx@tely 6.o. For

other values of 2(3 it is probable that the mimum value of CPR will
d

.
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.

/
occur at L W1 > 6.o for 2e < 28.0° and at L/Wl < 6.o for 2e > 28.0°.

However, it m.lstbe remeniberedthat when L/Wl = O then Cm = O. There-

fore, the maximum value of Cm for any value of 26 probably cannot

occur at a value of L/Wl much less than 5.0.

As previously noted the curves of EL given in figure 35 include

not only the head loss due to dissipation but also the excess leaving
kinetic energy above that required for a one-dimensional exit flow.
Nevertheless, as a basis for comp~ison these curves are very signifi-
cant. They show that for included angles greater than about 23.0°, the

head loss incurred with the vaneless configurations is about 2 to 2*

times as large as the head loss incurred with the vaned configurations.

Effect of inlet conditions.- Figure 35(b) illustrates another desir-
able feature of a vaned diffuser, which is, in contrast to the corresponding
vaneless units, that they are much less sensitive to changes in Lnlqt condi-
tions. This is shownby the fact that, for identical gemetries and two
flow rates, the curves of Cm obtained with the unvaned units for each

flow rate were completely different. On the other hand, no appreciable
difference in Cm was obtained with the vaned units using the same

flow rates and the same range of geometry. The relative insensitiveness
of the vaned units was further demonstrated in the course of the testing.
When a large-scale turbulence was created in the entrance flow (e.g., by
rapid hand m-ving back snd forth in the entrance region), large areas of
separation in the diffuser could be either diminished in extent or com-
pletely washed out in the case of unvaned or poorly vaned units; this
was accompanied by a surge in the flow indicating that a l.srgerpressure
recovery was obtained. When the creation of the additional disturbance
was stopped, the fluw would revert to its former pattern. In contrast,
when the ssme kind of turbulence was created in the entrance region of
the well-variedconfigurations, very little change occurred; at most, the
throat manometers would show a slight decrease in throat pressure (indi-
cating a slight increase in C~), but no change in fluw pattern could be

discerned.

Effect of wall disturbances.- It should be noted in respect to these
destgns, that care must be exercised to insure that large disruptions of
the boundary layer are not inadvertently created. The effect of such dis-
ruptions, even though they may appear minor to the eye, can be qyite ser-
ious. This is well illustrated by the tests of the various hanger systems
described previously; however, even ~eater effects than those described
earlier were observed with the first set of modified hangers that were
tried. This first modified hanger system consisted of thin flat plates
which were soldered to the ends of the vanes. These plates served the
dual purpose of holding the cluster together and of simultaneously sealing
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the end clearances. The plates were supported in the diffuser with
.

small flatheaded screws which extended from the plates through the pres.
sure tap fittings in the diffuser side walls. The cluster configurations
conformed to the design criteria, but it was found impossible to obtain

.

either a good pressure recovery or a smooth flow at any value of b/a.
On the other hand, when the streamlined holders (describedpreviously)
were used with this same cluster ‘configuration,both very good pressure
recovery and flow steadiness were obtained.

In such designs the important thing seems to be that the boundary
layer should not be disrupted across’the entire wall surface. If dis.
ruption is unavoidable it should be limited to dimensions which are
small normal to the flow. This then allows the small stall created to
be filled in downstream by the crosswise mixing of the flow. This
effect can be rationalized in terms of the behavior discussed in ref-
erence 2.

Exit velocity profile.- The diffuser exit velocity profile is very
useful in qualitatively evaluating the diffuser performance, and it is
also often of ~ortance to the performance of downstream components.
It has been shown by Moore and Kline (ref. 3) that the ideal exit veloc-
ity profile is a one-dimensional profile. However, a one-dimensional

.

profile does not necessarily, by Itself, gusrantee high performance
since frictional effects also reduce recovery. For exsmple, a study of .

the use of screens in diffusers has been made by Schubauer and Spangenberg
(ref. 15). They found that almost any desired degree of one-’dimenst.onality
of the exit flow could be attained simply by adding a sufficient nmiber of
screens, but the total-pressure loss from friction due to the screens more
than offset the gain realized by the more nearly one-dimensional exit
profile.

The dimensionless velocity contours given in figure 36 show that
large imp~ovements in the exit velocity profile can be obtained with
well-designed vanes. The normalizing velocity for these contours is the
corresponding ideal one-dimensional velocity that woqld have been obtained
at the same diffuser flow rate. The zones of separation are shown by
crosshatching.

At 2e = 16.8° the addition of one vane did not appreciably reduce
the maxiti exit velocity; however, it did have the effect of “flattening
out” the flow so that a much smaller portion attained the maximum veloc-
ity. Also, for the vaned flow the total area of the separated zones
was somewhat smaller and the separation occurred only in the corners.

At 20 = 24.5°, 31.1°, and 42.0°, the character of the exit flow
was completely altered by the addition of the vanes. This effect is
particularly noticeable for 2e . 31.1° and42.0°. It can be seen that
the separation was not only markedly reduced in extent, but it was also

.

.
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almost completely
more, the maximum
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confined to the side walls of the diffuser. Further-
exit velocities were reduced by a factor of approxi-

mately 2.0. It is not surprising that large improvements in Cm result
when properly designed vanes are used:

As the results of the present tests were accumulated, the recoveries
found were so large in comparison with the values found for the unvaned
diffuser, that it was believed that large further improvements were not
likely. A careful examination of figures 36 to 39 shows, however, that
this is not altogether true. It is of course true that if the recovery
is increased from, say, 20 percent or even 40 percent up to 75 percent,
then a further gain of the same ma~itude is not even theoretically
possible. However, it is,also true that significant further improve-
ments are theoretically feasible, and this is substantiated by the fact
that appreciable areas of stall still do exist in the exit of the vaned
diffusers at high angles. Suggestions for possible means of further
improvement are given later.

Met Mach number.- The present investigation has been limited to
values of inlet Mach number low enough so that the flow is essentially
incompressible. Consequently, it is logical to question the applica-
bility of the present vane design criteria to flows in which appreciable
compressibility effects occur. Fortunately, some investigations have
been conducted in which the diffuser inlet Mach nuniberhas been varied
from very low values up to values where choking conditions occur. In
general, it has been found that no appreciable change in performance
occurs as a result of the higher flow rate until some part of the dif-
fuser begins to operate at sonic conditions. In particular, Young and
Green (ref. 16) found this to be true for a two-dimensional diffuser in
which they installed splitter vanes. Their performance curves were
quite flat up to inlet Mach nuribersof approximately 0.6 to 0.7. At
values of Mch numibermuch greater than 0.7 their diffuser losses
increased at a very high rate. The results of the other available
investigations are very similar to those of Young and Green. On the
basis of these results, it is reasonable to suppose that the present
design criteria are applicable to high-speed flows as long as sonic con-
ditions do not prevail anywhere in the diffuser; however, this conclu-
sion should be verified experimentally. It is noted that for higher Mach
numbers particular attention must be paid the leading edges of the vanes
as well as the curved portions of the throat. Because of the corre-
sponding local flow accelerations, it is likely that sonic conditions
will be obtained at these locations before they occur elsewhere in the
diffuser. In this connection the use of %/a> 1, that is, of a value
of c > 0, should be of definite assistance in achieving good performa-
nce at inlet Mach numbers approaching unity. Since for c > 0 some
flow deceleration occurs before the commencement of the vanes, the like-
lihood of occurrence of local sonic flow and shockwaves near the leading
edges of the vanes is much reduced.

.
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It is recognized that thin vanes of the type used in this investi-
gation are susceptible to aerodynamic flutter in high-speed flows. In
fact, some flutter difficulties were experienced in the present pre-
liminary testing. Flutter first occurred using a single 9-inch vane.
This was readily stopped by installing small-diameterbracing rods which
held the vane in the center 1 inch or so downstream of the leading edge.
Flutter was again encountered at the trailing edge of the 12- and 15-Lnch
vanes for the single-vane installation. This flutter was readily stopped
by passing a l/16-inch-diameter steel rod through the center of the vane
1/2 inch upstream of the trailing edge and through both diverging walls
of the diffuser. The wire was grasped firmly at the vane and the walls
by small set screws. No difficulty was experienced with the multiple
vane clusters because the six cluster assembly dowels produced a suffi-
ciently rigid vane assembly. It is believed that the vanes can be ade-
quately braced for any practical application; however, care should be
exercised to insure that the braces are not near the walls they parallel
and that they are small and well streamlined. It is possible that a
poorly designed brace could produce an excessive disruption of the bound-
ary layer and thus precipitate large regions of separation; this would
nulli~ much of the effect of the vanes.

.

.

.

Design Considerations

The foregoing discussions have indicated that the use of vanes for
production of wide-angle diffusers of high performance is nuw well.
establishedfor the case of low-speed flows in a two-dimensional geome-
try. With these results in mind, it is well to discuss briefly the
problems that canbe foreseen in adapting them to practical designs.
There are several irgportantconsiderations.

First, are the designs critical in respect to the use of vane clus-
ters requiring careful tolerance of manufacture? Since no special manu-
facturing methods or measuring techniques were used in obtaining the
present results, the answer to this question is definitely no. It is
not anticipated that special problems of this sort will normally arise.

Second, how critical are the various optimums presented in the
design criteria that have been developed? The answer to this question
is given by the curves discussed previously. Examination of these
curves shows that the optimums are quite flat in regard to vane length
and placement and also (at least near the msidmum points) in regard to
the ratio of individual passage angles. The curves of recovery as a
function of individual passage angle, figures 23 and 28, however, are
relatively sharp although the peaks sre,flat enough to insure reasonable
tolerances. Also, as noted previously, the value of b/a should not
exceed 1.20 since in some cases unstable flows may then ensue. ti fact,
for smooth flows, a value less than 1.20 may well be a better compromise.
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Unstable flows may also be encountered when the vane is made longer than
that specified by the design criteria. Thus, considerable latitude is
available to the designer provided two rules are held in mind: (1) The
individual passage angles should be varied as little as possib,lefrom
optimum, and (2) the optimum value of vane length and of b/a should
not be exceeded.

Third, the question concerning.extensionof the favorable results
found in the present investigation to other geometries and other inlet
conditions naturally arises. Since the design method built up in this
work is founded essentially on empirical observations or the flow and
since only a qualitative theory of the nature of vane action is avail-
able (see ref. 2), this question cannot yet be answered with certitude.
Further experimental investigations for other geometries and other inlet
conditions sre being pursued, but this does not solve current design
problems; therefore, the following remarks are made.

It is believed that vsmed systems should give good perfornw,nce
for other geometries, but no design procedure can yet be given. Judg-
ment in applying the results of Moore and Kline (refs. 3 and 4) and the
other available diffuser data is therefore the only present recourse.

The results found in this work will probably hold good without
major alteration up to inlet Mach nuuiberswhere shocks or choking first
occur in the unit.

The effect of variation in inlet free-stream turbulence on vaned
units does not seem to be critical. The effect of variation in inlet
boundary-layer thickness is unknown, but it is relatively safe to assume
that more conservative designs must be used where thick inlet boundary
layers occur. The mount of conservatism needed is still a matter for
judgnent.

The effect of skewed inlet velocity profiles on vsned systems
should be slight unless the skewing is very large and of such a nature
that large stalls are produced on the leading edges of one or more vanes.
The usual corrective actions for such an occurrence can, of course, be
taken.

Possibilities for Further Improvement

Additional vane adjustments.- In the present investigation it was
necessary to limit the degrees of freedom of the varied-diffusergeome-
tries in order to obtain a feasible test program. However, now that
specific criteria have been developed with which large improvements in
performance can be obtained, it is useful to consider additional vane-
cluster refinements. As mentioned previously, one such refinement would



60

be to adjust the divergence angles
but nonuniform manner, that is, to
channels smaller than the ad.latent

NACA TN 4309

.
between adjacent vanes in a symmetrical
make the divergence angles of the outer
channels and so on. Two other possi- .

bilities are (1) using vanes of different lengths in the same cluster,
and (2) placing the leading edges of the vanes in a given cluster at dif-
ferent axial locations. These adjustments are only speculative and await,
further study. However, it is believed that further refinements in the
vane geometry do not hold as much promise as the combined use of the pres-
ent cluster geometries and suitable vortex generators or other boundary-
layer control devices.

Vortex generators.- The combination of the works of Moore and KLine
and others and the mechanisms discussed in reference 2 suggest that addi-
tional improvements in performance can be obtained by superposition of
vortex generators or turbulence promoters with the present varieddif-
fuser geometries. Moore and Kline (ref. 3) clearly illustrated the

.—

important effect of turbulence level in one water-table test In which
they completely eliminated a fully developed two-dimensional stall by
placing small-diameter rods in the upstream.flow near the diffuser inlet.
Initially, the stall extended to within a few inches of the diffuser
throat, but as the rods were successively inserted (normal to the paral- .

lel wall) across the entering flow stream, the point of inception of
the fully developed stall progressed downstream step by step until it
was finally washed from the diffuser. When the rods were removed, the .

diffuser again developed a fully developed stall.

Valentine and Caroll (ref. .17)and Wood (ref. 18) investigated
various types of vortex generators placed just upstream of the throat
in, respectively, conical and annular diffusers. It was found that con-
siderable improvements cotid be obtained in both flow steadiness and
static-pressurerise. The results presented in references 17 and 18
cannot readily be compared with those of the present investigation
because of differences in inlet flow conditions and geometry. However,
the ratio of the performance increase to the performance of the unmodi-
fied units and the amount of extension of divergence angle are both much
larger in the present work than those obtained in these studies, Never-
theless, the results of Valentine and Caroll snd of Wood illustrate the
possibilities of vortex generators. It is not likely, however, that
vortex generators placed upstresznof the throat will be as effective
in vaned units as similar vortex generators placed at discrete locations
in the diffuser. The reason for this has been discussed previously in
the section entitled “Effect of Inlet Conditions.”

Several tests were conducted in the present investigation in which

a pair of lL- inch-diameter rods were placed in the entrance flow.
8

The

rods were perpendicular to the
located 1 inch above the outer

parallel side walls and were symmetrically
extremity of each of the entrance lips of -

.
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the diverging walls. The Reynolds number of each
diameter, was approximately 4,5~. The objective

61

rod, based on the rod
of these tests was to

create an increase in turbulence level in the flow adjacent to the
diverging walls. The vaned-diffuser geometry used is given in table ~.
(These are the ssme configurations used in the end-clearsnce tests.) The
results sxe given as follows:

2e,
deg

28.0
28.0
42.0
42.0

End-clearance
condition

-

Open ends 0.771 0.764
Taped ends .767 .763
Open ends .726 .716
Taped ends .720 .711

The improvements obtained in Cm by the addition of the rods are

relatively small. At 2G = 28.0° the increase is of the order of the
uncertainty in C~, but the trend in all the tests is consistent and in

agreement with the changes in the flow patterns that were “observed. In
other words, when the rods were added the resulting flows were steadier
in every case and showed a slight reduction of the overall extent of
separation. No account was taken of the drag of the rods which, of course,
would reduce the overall gain in ~. However, these tests were con-

ducted primarily to demonstrate further the effect of changes in the
inlet turbul&ce level. An evaluation of more properly oriented vortex
generators awaits further study.

(refs~

COMPARISON -WORKOF l&QRE~ KLINE

present work was an extension of the work.of Moore and Kline
and 4), and essentially complete agreement has been obtained

on all’but one ~oint. This exceptions in-the preliminary work (ref. 4)
conducted with the air apparatus used in this investigation. ti the
report of this work Moore and KLine present curves of Cm plotted

against 20 at constant values of L/Wl for the vaneless diffuser.

These curves sre quite different in character (at high values of 2(3)
from the curve shown in figure 19 of the present report. Instead of a
continuous curve, Moore and Kline obtained curves in which Cm

decreased suddenly at a particular value of 20. For further increases
in 20, the curve then continued in a s~oth fashion emanating from the
low value of Cm. The reason that such a difference occurred between
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their results and the present results is attributed to the fact that a
different experimental technique was used. Because of the lack of other
means of flow control at that time, Moore and IUine held the fan speed
constant and then increased 26. At a given value of 2E),which was
dependent upon the flow rate, the flow would breakdown resulting in
both reduced pressure recoveries snd reduced flow rates. However, it
has been shown that a change in flow rate produces a chsnge in inlet
turbulence. It is believed that this change in turbulence level and
the coupled effect of the fan-diffuser combination are responsible for
the difference in results that has been obtained. It should be recalled
that in the present work a constant value of flow rate was forced on the
diffuser for each curve, regardless of the fan speed. When operating
at constant flow rate, the inlet conditions were held constant and, con-
sequently, the smooth curve shown in figure_19’was obtained..

.

.

SUMMARY OF RESULTS

An investigation of the use of flat vanes in two-dimensional sub-
.

sonic diffusers was conducted. The results of this work taken in con- .
junction with the results of some of the preceding work, all of which
have been obtained using a thin turbulent inlet boundary layer and

4

nearly constant inlet velocity profile, are summarized as follows:

1. Water-table results indicate that four regimes of flow are
obtained In a simple plane-wall two-dimensional diffuser as the included
angle is varied, with the ratio of wall length to throat width, the flow
rate, and all inlet conditions held constant. Increasing the divergence
angle fhm 0° causes these regimes to appear in the following order:
(1) A regime of well-behaved apparently unseparated flow, (2) a regime
of large transitory stall in which the separation varies in size, inten-
sity, and location with ti~~ (3) a regime of essentially two-dimensional,
rektively steady, “fily developed stall in which the flow fOllOWS along
one wall with little or no expansion occurring, and (4) a regime of Jet

—

flow in which the flow separates from both.diverging walls and proceeds ._
through the diffuser in a fashion similsr to that of a free jet. The
boundaries between these regimes are not unique functions of included
angle but depend strongly on at least the ratio of wall length to throat
width and turbulence level. The boundary between regimes (1) and (2) is
called the line of appreciable stall. ,. .—

2. Results on the air apparatus indicate the following behavior as
the included angle of a vandess two-dimensional diffuser is increased,
with the ratio of wall length to throat tidth, flow rate, and all inlet
conditions held constant: (1) The pressure effectiveness attains a

.
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.
maximum value at an angle a~reciably smaller than the angle of mdmum
pressure recovery; (2) the pressure recovery becomes a mxinnun at or near

. the line of appreciable stall; (3) at an angle slightly greater than
the angle of msximum recovery the flow becomes very unsteady, large
transitory stalls develop, and the pressure recove~ decreases very
rapidly; (4) when the angle is increased sufficiently the flow is again
relatively steady, a fully-developed stall occurs, end the pressure
recovery is near a minimum. Jet flow was not obtained because of geo-
metric limitations of the apparatus. (With the ratio of wall length to
throat width set at approximately 8.o, maxhmxn pressure effectiveness
was obtained at approximately 8.5°, maximum pressure recovery, and
shortly thereafter the beginning of unsteady flow, was obtained at
approximately 14.0°, relatively steady flow with fully-developed stall
was obtained at approximately 31.0°, and continuing steady flow with
low pressure recovery was obtainedup to 42.oo.)

3. With the use of the vane design criteria developed, the fol-
lowing very good diffuser performance is possible over the investigated
rsage of le~h ratio and included angle: (1) I&om about 14.00 to 42.00
a pressure recovery may be obtained which is very nesrl.yequal to, and

. in some instances greater than, the msximum value obtainable h a vane-
less unit set at optimum pressure-recovery angle; (2) a satisfactorily
steady flow can be obtained at angles up to 42.00; (3) the flow is much
less sensitive to variations in inlet conditions than the corresponding
vaneless diffuser; and (4) a significant reduction in head loss, which
amounts to about a 2.5-fold reduction in some instances, may be obtained.

4. The performance of the diffuser with optimum vane configurations
has not been completely mapped out, but tests made with variable included
angle at constant length ratio and with variable length ratio at constant
included angle strongly suggest that good diffuser performance can be
obtained for any combination of these parameters over the rsmges
investigated.

5. Studies of the available literature indicate that good diffuser
performance can probsbly be obtained in vaned units for high-speed flow
as long as sonic conditions do not prevail anywhere in the diffuser.

6. Specific criteria for the design of the optimum vane configura-
tions develo ed ae presented.

f)
The salient features of these configura-

tions are: 1 The vanes sre relatively short and sre located in the
vicinity of the throat; (2) the vanes are symmetrically arranged; (3) the
number of vanes is chosen so that the individual-vane-passagedivergence
angles sre approxina.tely7.0°; and (4) the length of the vanes is chosen
eo that

line of
work.

.

the operation of each individul vane passage is at or near the
appreciable stall obtained in tliehigh-turbulence water-table
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7. Manufacturing and positioning of the vanes sre not critical, but “
care must be exercised to avoid disruption of the boundary layer. Where
disruptions are unavoidable, the disrupting device should be removed as
far as possible from the wall that it parallels, it should be stream-

.

lined, and it should be made with the smallest feasible dimensions nor-
—

ml to flow.

8. Greatly improved diffuser flows result with the use of the &ne
configurations developed. At large angles (30° and larger) the pressure-
recovery coefficient can be increased flromabout 0.38 in the unvaned unit
to about 0.70 in the vaned unit. The areas of separation canbe greatly
reduced and the exit velocity profiles can be very appreciably flattened.
(A twofold reduction in maximum efflux velocity is readily possible.)
Significant additional improvements appear to be feasible by the super-
position of these optimum vane configurationswith suitably designed vor-
tex generators placed at discrete locations throughout the diffuser.

Stanford University,
Stanford, Calif., May 2, 1957.

.
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TABLE I

LONGITUDINAL POSITIONS OF ALUMINUM WALL PLUGS

67

.

.

Distance from trailing edge

Holes nuniberedfrom
of aluminum plate measured

curved end of plate
along inner surface of
aluminum plate, in.

(a)

1 26.000
2 25.667

25.333
: 25.000
5
6

24.667
24.333

7 24.000
8 23.000
9 22.000
10 21.000
11 20.000
12 19.000
13 18.000
14 17.000
15 15;000
16 13.000
;&“ 11.COO

9.000
19 7.000
20
21 ;:R
22 1.000

%l?olerancesondtinsions are M.O1O inch.

.
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TABLE II

LONGITUDINAL POSITIONS OF ALUMINUM

WALL PLUGS IN PLEXIGIA.SSIDES

Distance Prom lower edge
Hole number of plate, in.

(a)

1 23.375
2 22.625

21.875
: 20.875
5 19.875
6 18.873
7 17.875
8 16.875
9 15.875
10 14.875
11 13.875
12 I-2.875
13 II.875
14 10.875
15 9.875
16 8.875
17 7.W5
18 6.875
19 5.873
20 4.875
21 3.@5
22 2.@5
23 1.W5
24 .875

.

.

%olerances on dimensions are W .O1O inch.

.

.
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T&OLE III

FLOW CONDITIONS FOR DISCHARGE DUCT CALIBRATIONS

*tier ,Condition upstream of ,F= speed, ,Mass flow rate, Fan speed
diffuser throat rpm lb/see Flow rate

1 Unobstructed 65o 3*39 lg2

2 Unobstructed 1,060 5*79 183

3 Unobstructed I,610 8.85 l&2

4 %ne-half area 1,600 6.42 250
symmetrically blocked

5
aOne-half are= I,600 4.30 372

asymmetrically blocked

%e entrance flow area was blocked by placing strips approxi-
mately 2 inches wide across the lips of the diffuser diverging walls.
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TABLE IV

ACCURACYOF DATA

[Uncertaintiesgiven in this table have been estimatedon the ba.is of
20:1oddsusingthemethodofnine andMcClintock(ref.11);uncertain.
tiesarepresente&intermsofeitheranuncertaintyintervalora per-
centuncertainty&e~enainguponwhichismoreappropriateforthequantity
under consideratimi]

(a)Uncertaintiesinvaxiables

Uncertainty

Minimumspacebetweenadjacentvanes, a, in. . . . . . . . . . 0.01
Minimum spacebetweendivergingwall and adjacentvane,
b,in. . . . . . . . . . . . . .- . . . . . , . . . . . . . 0.01

Distancefrc+nthroat to vane leadingedge, c, in. . . . . . . , 1/16
Vanelength,f,in. . . . . . . . . . . . . . . . . . . . . . 1/32
Distamcebetween diffuserparallelwalls, G, in. . . . . . . . 1/32
Le@h of diffuserdivergingwal.1,L, in. . . . . . . . . . . . 1/8
Barcznetricpressure,pa, in. Hg . . . . . . . . . . . . . . . . 0.05
WetbLiLktemperatWe, Twb, % . . . . . . . . . . . . . . . . . 3.0
Anibientair temperature,Ta,?F. . . . . . . . . .. . . . . . . 3.0
DMfuserthroatwidth,Wl, in. . . . . . . . . . . . . . . . . 0.01

biffuaer exitwidth,W2, in. . . . . . . . . . . . . . . . . . 1/32

Divergenceangle between adjacentvanes,a, deg . . . . . . . . 0.25
Diffusertotal divergenceangle, 2EJ,deg . . . .“. . . . . . . 0.25
Alrvi8cosity, p, percent . . . . . . . . . . . . . . . ...”. 2.0

(b) Uncertaintiesin results

Ambientair density,pa, percent . . . . . . . . .

I!hroat-wall.-pressuredepression(averageof six
readtis), pa-~, percent . . . . . . . . . .

Average inlet air density,p~v, percent . . . . .

Weight flow rate, w, percent . . . . . . . . . ...
InletReynoldsnumber,RW1,percent . . . . . . ,.,

Average inlet dynamichead, qlav, percent . . . , .

Exit pressuredepression(aver=geof four readings)
Pa - p2Jpercent . . . . . . . . . . . . . . . .

Fressure-recoverycoefficient,Cm, percent . . . .
Diffuserarea ratio,~/Al, percent . . . . . . . .

Ideal pressure-recoverycoefficient,C~ideal, ‘-

percent. . . . . . . . . . . . . . . . . . . . .
Pressureeffectiveness,~, percent . . . . . . . .

. .

. .

. .

. .

. .

. .

. .

. .

. .

. .
“. .

Uncertainty

iestease

0.8

0.2

0.8

3.5

1.4
1.2

0.4

0.03
L.2

‘orstcase

0.8

3.9
1.0

2.9
3.5
5.8

11.0
9.2
0.4

0.03
9.2

.

.

.

.

.

.
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TABLEv

DIFFUSER AND VANX GEOMBI’KEB

H2e, L/Wl IMaximum number of

eg (apprmdmate) ‘a”e~l~t~fin

Lengths of vanes
tested,

in.

I Phase I (approximately constant value of L/Wl)

ka.o 8.0
28.0 ;
14.0 R 1
16.8 8.0 2
21.0 8.0 3
24.5 8-.0
31.1 i
38.2 :::
31.1 8.0 z

15
15
15

12, 15
15

I Phase II (constant included angle)

2.4 X 105
2.4
2.4
2.4
2.4
2.4
2.4
2.4
2.4

128.0 18
28.0 15
28.0 12
28.0 10
28.0
28.0 :

6

;
12
15
15

1.6
1.6

1.6, 2.4
1.6, 2.4
1.6, 2.4
1.6, 2.4

.

.
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TABLE VI

PERFORMANCE OF DIFFUSER WITHOUT VANES

20, h w Rwl cp’R 7PA2/Al l+: ‘tdeg, in.
●

7.00 3.00 8.09 1.99 30.4 2.49 X 105 0.662 0.885
14.00 3.00 8.17 2.96 29.5 2.45 .765 .864
14.00 3.00 8.17 2.96 29.8 2.42 .745 .842
16.80 3.00 8.21 3.40 30.9 2.47 .731 .&Q
21.00 3.00 8.26 3.94 29.4 2.40 .625 .668
21.00 3.00 8.26 3.94 29.0 2.35 .641 .685
24.50 3.00 8.30 4.43 29.6 2.37 .567 .598
28.00 3.00 8.35 4.94 29.0 2.39 ;:;; .455
28.00 3.00 8.35 k.94 48.o 3.06 .451
28.00 1.33 ~8.81 9.87 65.0 1.75 .485 .489
28.00 1.60 15.66 8.36 47.8 1.59 .461 .467
28.00 2.00 E.52 6.91 31.2 1.61

● 555 .566
28.00 2.00 I-2.52 6.91 57.1 2.17 .458 .467
28.00 2.40 10.44 5.91 22.3 1.66 .611 .628
28.00 2.40 10.44 5.91 50.7 2.49 .455 .468
28.00 4.00 6.26 3..95 7.61 1.61

● 579 .619
28.00 4.00 6.26 3.95 16.4 2.36 ●549 ;%:
28.00 6.00 4.18 2.97 3*33 1.59

● 533
28.00 6.00 ;.;: ;.~ 7*47 ;●g .544 .613
31.10 3.00 30.5 .374 .387
35.00 3.00 8;43 5:94 29.7 2 ;48 .387 .398
38.20 3.00 8.47 6.46 30.4 2.43 ●375 .383
42.00 3.00 8.52 6.88 31.0 2.46 .394 .402
42.00 3.00 8.52 6.88 30.9 2.46 .362 .369
42.00 3.00 8.52 6.88 30.0 2.44 .391 .399
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f,
in.

3.00
3.00
3.00
3.00
3.00
3.00
3.00
3.00

;::
3.OC

3.OC
3.OC
3.OC

2::
6.OC
6.OC
6.OC

n

1
1
1
1
2
2
2
2
2
3
3

3

;
3
1
1
1
1

(a)

g
in.

-

l.~

l-w
1.X

1.50
1.00
1.00
1.00
1.03
1.OQ
.75
.75

.75

.75

.75

.75
1.X
1.50
1.50
1.50

TABLE VII

PERFORMANCE OF DIFFUSER WITH VANES

2e = 28.0°; L/Wl = 8.35; Wl = 3,00 inches;

~/A1 2e.4.$)2;a=~*a=—
n+l’ n+l

I I I
a, I:; f/a b/adeg .

.4.00 0.28 2.00 1.00
-4.00 1.22 2.00 1.06
-4.00 1.67 2.00 1.12
-4.00 2.47 2.00 1.25
9.33 .94 3.00 1.00
9*33 1.30 3.00 1.07

;“;; ;“$ ;.

9:33 2:65 “3:
7.00 1.16 4.00 1.OQ
7.00 1.47 4.00 1.09

7.00 1.47 4.00%.09
7.00 1.84 4.OQ 1.19
7.00 2.16 4.00 1.30
7.00 .2.644.00 1.46
L4.00 .59 4.00 1.00
L4.00 1.37 4.00 1.08
L4.00 1.75 4.00 1.14
L4.00 2.19 4.00 1.21

Rwl

2.37 X 105
2.35
2.36
2.24
2.36
2.33
2.41
2.48
2.42
2.43
2.40

2.22
2.41
2.44
2.47
2.37
2.43
2.39
2.43

%0 distinct patterns were obtained at

~1,
.b/sq ft

29.0
28.3
28.8
25.8
28.2
27.7
29.5
31.2
29.8
30.1
29.5

25.2
29.7
30.4
31.4
29.6
30.9
30.0
31.1

%?R

0.558
.570
.574
.498
.618
.623
.682
.687
.651
.703
.708

a.596
.727
.731
.720
.640
.649
.623
.605

this setting.

J.582
.594
.598
.519
.644
.694
.711
.717
.679
.733
.738

.621

.738

.762

.751

.668

.676

.650

.631

.
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(a)

f,
in.

6.00
6.00
6.00
6.00
6.00
6.00
6.00
6.00
9.00
9.00
9.00
9.00
9.00
9.00
9.00

;::
9.00
9.00
9.00
Q.oo
2.00
.2.00
-2.00
2.00
2.00

n

2
2
2
2
3
3
3
3
1
1
1
1
2
2
2
2
3

;
3
1
1
1
1
2
2

TABLE

PERFORMANCE

28 = 28.0°; L/wl =

VII.- Continued

OF DIFFUSER WITH VANIS

8.35; W1 = 3.00 inches;

.

& IA1 = 4.92;

a L 20=— .~ = — - Continued
n+l’ n+l

a,
in.

1.00
1.00
1.00
1.00
.75
●73
.7.5
.75

1.50
1.50
1.X
l.w
1.00
1.00
1.00
1.CX)

●75
● 75
.75
.75

1.50
1.50
1.50
1.X
1.00
1.00

a,

deg

9.33
9*33
9*33
9.33
7.00
7.00
7.00
7.00
14.00
14.00
14.00
L4.OQ
9.33
9.33
9*33
9.33
7.00
7.00
7.00
7.00
14.00
14,00
14.00
14.00
9.33
9.33

C9
in.

0.94
1.41
2.W
2.59
1.19
1.66
2.25
2:2

1.34
1.89
2.37
1.03
1.56
2.09
2.59
1.16
1.70
2.30
2.75
.66

1.31
1.91
2.28
.98

1.39

6.00

2::
6.(x)
8.00
8.00
8.00

:::
6.00
6.00
6.00
9.00
9.00
9.00
9.00
2.00
2.00
2.00
2.00
8.00
8.00
8.00
8.00
2.00
2.00

b/a

1.00
1.10
1.26
1.37
1.00
1.15
1.33
1.52
1.00
1.08
1.16
1.23
1.02
1.13
1.26
1.37
1.00
1.16
1.35
1.48
1.00
1.08
1.16
1.22
1.00
1.09

2.J+oX 10:
2.43
2.41
2.41
2.38
2.38
2.57
2.40
2.59
2.40
2.45
2.40
2.31
2.39
2.36
2.39
2.4o
2.40
2.41
2.38
2.38
2.37
2.36
2.40
2.41
2.39

q,
.b/sq fi

2$).5
30.1
29.6
29.6
29.6
29.6
30.3
31.0
29.6
29.8
31.0
29.8
28.5
30.1
29.5
30.2
.29..3
29.5
29.9
28.9
30.0
29.9
29.8
30.7
29.7
29.3

].702
.720
.719
.659
.729
.736
.751
.613
.665
.648
.651
.m
.721
.732
●737
.716
.738
.751
.768

.5@

.683

.665

.647

.626

.697

.716

0.752
.750
.749
.687
.760
.767
.783
;:;;

.674

.679

.521

.752

.763

.768

.747
m;

.ml

.614

.712

.693

.675

.653

.727

.746

“

.

.

.
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TABLE VII.- Continued

PWORMANCE OF DIFFUSER Wl?lIH

(a) 20 = 28.0°; L/WI = 8.35; W1 = 3.oO inches; ~lA1 = 4.92;
..

a= -&; a= ~ - Concluded

75

VANES

f,
n 2. ::g 2. f/a b[a Rwl ~1)

in. cm np
lb/sq ft

12.00 2 1.00 9.33 l.q’ 12.cm 1.21 2.41x ld 29.6 0.745 0.777
12.oo 2 1.00 9.33 2.41 12.oo 1.32 2.41 29.6 .728 .759
12.oo 3 .75 7.00 1.23 16.00 1*O1 2.37 29.6 .750 .782
12.oo 3 .75 7.~ 1.69 16.00 1.15 2.37 29.6 .766 .799
12.00 3 .75 7.CQ 2.09 16.00 1.28 2.47 32.4 ■775 .808
L2.00 3 .75 7.m 2.59 16.00 1.42 2.43 31.1 .625 A&
12.oo 4 .60 5.60 1.42 20.00 1.00 2.43 30.5 .639
I-2.004 .60 5.60 1.98 20.00 1.22 2.39 29.5 .688 .717
12.oo 4 ,& 5.6o 2.39 20.00 1.38 2.37 29.1 .699 .729
12.oo 4 .60 5.60 3.03 20.00 1.64 2.41 30.2 .743 .775

12.00 4 :(3 5.60 3.03 20.00 %; ;.l& 30.0 ~548 .572
15.00 1 1.X 14.00 .62 10.00 30.3 .686 .715
15.00 1 l.% 14.m 1.30.10.CO 1.07 2:43 30.6 ::;; .705
15.00 1 1.9 14.00 2.09 10.00 1.19 2.45 31.1 .687
15.00 2 1.00 9.33 1.03 15.00 1.02 2.34 29.2 .703. .733
15.00 2 1.00 9.33 1.47 15.00 1.10 2.37 29.9 .718 .748
15.00 2 1.00 9.33 1.s 15.00 1.22 2.40 30.6 .753 .785
15.00 2 1.00 9.33 2.48 15.00 1.34 2.36 29.7 .746 .778
15.00 3 ●75 7.00 1.22 20.00 l.m 2.41 29.6 .742 .774
15.00 3 .75 7*W 1.65 20.00 1.14 2.42 30.1 ●757 .790
15.00 3 ●75 7.CQ 2.27 20.00 1.33 2.42 30.1 .774 .897
15.00 3

● 75 7.CQ 2.77 20.00 1.49 2.45
i

30.8 .598 .624

%0 distinct patterns were obtained at this setting.

.

.
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TABLE VII.- Continued

PERFORMANCE OF DIIT’US~ WITE

(b) 28= 28.0°; W1 = 3.00 inches;

VANES

L/Wl = 8.35;

=4.g2; a= ~ = 0.75 inch; n = 3;‘2/%

f . 12.O inches; a variable

c,
in.

1.25
1.25
1.25
1.25
1.25
1.25
1.25
1.91
1.91
1.91
1.91
1.91

b/a

1.04
1.04
1.04
1.04
1.04
1.04
1.04
1.20
1.20
1.20
1.20
1.20

14.CX)
9*33
8.40
7’.50
7.00
6.50
4.67
6.00
6.5Q
7.00
7.50
8.00

so/a

0.00
.50
.67
.87

1.00
1.25
2.00
1.33
1.15
1.00
.87
.75

Rwl

2.45 X 105
2.41
2.42
2.38
2.38
2.39
2.39
2.38
2.40
2.35
2.39
2.37

q>

lb/sq ft

31.5
30.1
30.2
29.4
29.5
29.6
29.6
29.3
29.7
29.4,
30.0
29.5

cpR

0.223
.718
.728
.743
.742
.745
.723
.602
.763
.763
q’?’

0.252
.749
.759
●775
.774
.776
.754
.627
.795
.795
.800
.786

.

.

.

.
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c> a9
in. in.

0.62 0.70
l.o~ .70
1.X .70
1.94 .70
2.41 .70
1.05 .80
1.53 .80
1.95 .8Q
2.35 .80

TABLE VH.- Continued

PERFORMANCE OF DIFFUSER WITH VANIS

(c) 26= 28.0°; W1 = 3.OO inches; L/Wl = 8.35;

A2/Al .4.92; f = 12.O inches; n = 3;

a 2e=— = 7.00°; a variable
n+l

b,
in.

0.69
.77
.%
.96

1.08
.67
.76
.87
.96

2a + 2b
w~

‘w’ Lzf.lcm‘p
0.93 2.41 X 105 30.6 0.711 0.741
.98 2.51 33.4 .751 .783

1.04 2.42 30.2 .754 .786
1.11 2.41 29.9 .765 .797
1.19 2.43 30.6 .752 .784
.91 2.41 29.9 .746 .778
.98 2.41 29.8 .757 .79

1.05 2.41 30.1 .763 .796
1.11 2.41 30.4 .638 .665
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TABLE VII.- Continued

f,
in.

3.00
3.00

;::
3.00
3.00
3.00
3.00
3.00
3.00
3.00
3.00
3.00

;:;
3.00
3.00

%
6.00
6.00
6.00

R
6.00
6.00

(d)

f

n %.
1 L.yl
2 1.00
2 1.00
2 1.00
2 1.00
3 .75
3 .75
3 .75
3 .75
4 .60

: :$
4 .60

; :$
5 SW
5 ● 50
1 1.50
2 1.00
2 1.00
2 1.00
2 1.00
3 .73
3 ●75
3 .75
3 ●75

PERFORMANCE OF DIFFUSER Wll?HVANIS

26 = 42.0°; W1 = 3.00 inches; L/Wl = 8.52;

a,

II

c,
deg in.

f/a

21.00 0.68 2.00
14.00 .95 3.00
14.00 1.17 3.00
14.00 1.67 3.00
14.00 2.78 3.00
10.50 1.12 4.00
10.% 1.44 4.00
10.X 1.80 4.00
10.50 2.77 4.00
8.40 1.27 5.00
8.40 1.39 5.00
8.40 1.73 5.00
8.40 2.62 5.00
7.00 1.44 6.00
7.00 1.62 6.00
7.CK)2.CX)6.00
7.00 2.62 6.00
21.00 .66 k.oo
14-.00 .89 6.00
14.00 1.41 6.00
14.00 1.74 6.00
14.00 2.61 6.00
10.50 1.14 8.OQ
lop 1.39 8.00
10.50 l.m 8.00
10.50 2.61 8.00

b/a
I

Bwl

1.00 2.44 x 105
1.00 2.41
1.09 2.42
1.17 2.34
1.55 2.40
1.00 2.39
1.12 2.39
1.28 2.35
1.71 2.33
1.00 2.42
1.07 2.40
1.23 2.4o
1.75 2.4o
1.00 2.37
1.09 2.40
1.34 2.39
1.84 2.37
1.00 2.43
1.00 2.43
1.11 2.31
1*2O 2.37
1.49 2.38
1.00 2.43

1.09 2.49
1.24 2.40
1.61 2.41

30.3
29.9
30.7
28.7
30.0
29.9
30.0
29.1
29.0
30.2
29.8
29.8
29.7
28.9
29.6
29.4
29.0
30.2
31.1
28.1
29.7
29.9
29.8
31.2
29.3
29.7

).448
.538
.523
.464
.395
.578
.583
.529
.388
.640
.641
.661
.517
.627
.639
.587
.430
::?;

.589

.574

.447

.662

.680

.630

.5.X

).457
.550
.534
.474
.403
● 59
● 595
.~o
.396
.653
.654
.674
.528
.640
.652
● 599
.439
.468
.632
.602
.586
.456
.676
.694
.643
.562

.

.
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(d)

f,
in. n

6.00 4
6.03 4
6.00 4
6.00 4
6.00 5
6.00 5
6.00 5
6.00 5
9.00 1
9.00 1
9.00 1
9.00 1
9.00 2
9.00 2
9.00 2
9.00 2
9.00 3
9.00 3
9.00 3
9.00 3
;.CXJ;

9:00 4
9.00 4
9.00 5
9.00 5
9.00 5
9.00 5

TABLE VZI.- Continued

PmORMANCE OF DIEFUS~ WTI’HVANES

2e s 42.0°; Wl = 3.00 inches; L/Wl = 8.52; ~/A1 = 6.88;

=W1-:a
a 20= - - Continued

).60 8.40
.60 8.40
.60 8.40
.60 8.40
.~ 7.00
.~ 7.00
.5Q 7.~
-w 7.~
..5021.oo
..5021.00
..5021.00
..5021.00
..0014.00
..0014.00
..0014.00
..CO14.00
.75 lo.y
.75 lo.~
.75 lop
.75 10.50
.60 8.40
.60 8.40
.60 8.40
.60 8.40
.50 7.00
.5Q 7.~
.% 7.m
.50 7.00

n+l’

c> f[EL
in.

1.25 10.W
1.42 10.00’
1.80 10.00
2.36 10.00
l.~ 12.oo
1.69 12.oo~
1.g4 12.oo
2.50 12.oo’
.67 6.00,

1.25 6.00
1.81 6.00
2.62 6.00
1.00 9.00
1.41 ‘9.00
1.81 9.00
2.52 9.00
1.17 12.oo
1.34 12.oo
2.06 12.oo
2.58 I_2.oo
1.28 15.00
1.17 15.OG
2.05 15.00
2.37 15.00
1.47 18.00
1.69 18.00
1.g2 18.00
2.59 18.00

n+.L

1.00 2.12 X 103
1.06 2.40
1.25 2.41
1.58 2.46
1.00 2.39
1.10 2.37
1.28 2.38
1.68 2.39
1.00 2.37
1.07 2.3+
1.17 2.39
1.35 2.39
1.00 2.39
log 2.43
1.21 2.38
1.44 2.40
1.00 2.30
1.06 2.32
1.37 2.29
1.60 2.35
1.00 2.31
i.lz 2.27
1.36 2.33
1.59 2.29
1.00 2.26
1.14 2.29
1.30 2.29
1.73 2.27

29.9
29.3
29.7
30.9
29.6
29.3
29.5
29.6
29.5
30.1
30.0
29.9
29.3
29.6
29.0
29.5
29.1
29.4
28.7
30.2
30.1
29.3
5G.7
29.7
29.1
29.9
29.8
29.3

%

).649
.662
.6@
.578
.643
.665
.684
.484
.462
.437
.413
.387
.591
.611
.571
.xl
.667
.670
.641
.582
;:;:

.676

.450

.657

.685

.702

.480

).663
.675
.694
.590
.657
.678
.698
.494
.471
.446
.422
.395
.604
.624
.583
.512
.682
.684
.655
.595
.672
.684
.691
J:Q

.671

.700

.717

.491



80 NACA TN 4309

●

(d) 2e =

f,
in.

12.00
12.oo
12”.00
12.00
I-2.00
12.00
12.00
12.00
12.(X)
12.oo
12.oo
12.-00
12.oo
12.00
12.00
12.00
12.00
12.oo
12.00
15.00
15.00
15.00
15.00
15.00
15.00
15.00
15.00

n

1
1
1
2
2
2
2
3

;

;
4
4
4
5
5

;
1
1
1
1
2
2
2
2

TABLE VII.- Continued

PERFORMANCE OF DIFFUSER WITH VANES

42.0°; W1 = 3.00 inches; L/Wl = 8.52; A2/Al = 6.88;

a

l.~
1.50
l.y
1.00
1.00
1.00
1.00
.7?
.75
.75
.75
.60
.60
.60
.60

:$
.50

1:$
1.50
1.50
l.~o
1.00
1.00
1.00
1.00

a,
deg

21.00
21.00
21..00
14.CX)
14.00
14.00
14.00
low
lo.~
lo.y)
10.50
8.40
8.40
8.40
8.40

;:;
7.00
7.00
21.00
21.00
21.00
21.00
14.00
14.00
i4.00
14.00

wl
. —“ a = -&$ - Continued
n+l’

0.72
1.36
1.94
.97

1.20
1.72
2.28
1.16
1.44
1.67
2.23
1.27
1.45
1.81
2.2e
l.~
1.64
1.89
2.36
.72
.72
.94
.47

1.00
1.27
1.55
1.75

f/a

8.00
8.00
8.00
12.00
lf?.00
12.00
12.00
U5.00
16.00
16.00
16.00
20.00
Z().()()
20.00
20.00
24.()()
~4.oo
24.00
p4.oo
LO.00
10.00
LO.00
LO.00
15.00
15.00
15.00
15.00

Ib/a RWl

1.00 2.40 X 10~
1.09 2.37
1.20 2.45
1.01 2.31
1.06 2.32
1.20 2.34
1.38 2.32
1.00 2.36
1.09 2.36
1.18 2.37
1.44 2.41
.99 2.40

1.06 2.39
1.24 2.38
1.51 2.40
1.01 2.37
1.lC
1.26
1.5E
1.OC
1.OC
1.03
1.11
1.01
1.OE
1.15
1.21

2.39 ‘-
2.38
2.41
2.41
2.47
2.43
2.41
2.36
2.36
2.39
2.39

~1)
Lb/sq ft

29.8
29.2
31.1
29.5
29.6
30.0
29.6
29.6
29.5
29.8
30.7
29.6
29.3
29.1
29.8
29.2
29.7
29.4
30.3
29.7
31.2
30.2
29.7
28.9
28.9
29.6
29.6

cpR

).435
.456
.437
.68t
.605
.602
.55C
.68c
.681
.686
.642
.652
.672
.689
.587
.673
.690
.704
.520
.431
.482
.473
●449
.605
.618
.623
.610

).444
.465
.447
.621
.619
.615
.562
.695
.696
.700
.656
.666
.686
.704
.600
.688
.705
.720
.531
.440
.493
.483
.459
.618
.631
;:;:

.

.

..—
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TABLE VII.- Continued

PERFORMANCE OF DIFFUSER WITH VANES

(d) 20 = 42 .OO; W1 = 3.00 inches; L/Wl = 8.32; A2/Al = 6.88;

_wl-; a
a 28.- - Concluded.

n+l- n+l

f,
in. n

15.00 3
15.00 3
15.00 3
15.00 3
15.00 4
15.00 4
15.00 4
15.Cm 4
15.00 5
15.00 5
15.00 5
15.00 5
15.00 5
15.00 3
15.00 5

aY
in.

0.75
.75
.75
.75
.60
.60
.60
.60
.50
.50
.50
.50
.50
.50
.50

a,
deg

10.40
10.40
10.40
10.40
8.40
8.40
8.40
8.40
7.00
7.00

;::
7.00
7.00
7.00

1.14 20.00 1.00 2.35 X 105
1.39 20.00 1.08 2.36
1.75 20.00 1.22 2.35
2.20 20.00 1.42 2.36
1.33 25.00 1.00 2.38
,1.48.25.001.12 2.39
1.81 25.00 1.26 2.40
~2.2825.00 1.53 2.37
1.52 30.00 1.00 2.35
1.73 30.00 1.14 2.36
2.06 30.00 1.36 2.37
2.37 30.00 1.56 2.36
2;05 30.00 1.34 2.37
2.05 30.00 1.23 2.39
2.05 30.00 1.23 2.45

q.1,
Lb/sq ft

29.1
29.9
29.5
29.9
29.5
29.7
30.1
29.2
29.3
29.7
.29.9
29.5
29.3
29.7
31.2

%

0.678
.692
.693
.635
.659
.678
.698
.559
.677
.699
.533
● 507
.519
.711
.598

0.693
.707
.708
.648
.673
.693
.713
.571
.692
.714
.545
.517
.530
.726
.610

.
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TAELE VII.- Continued

PERFORMANCE OF DIFFUS~ WITH VANES

(e) 20 = 42.0°; WI = 3.00 inches; L/Wl = 8.52;

A2/Al =6.88 ;a =5= O.~ inch; n = 5;
n+l

f . 17.0 inches; a variable

.

CJ b/a a’ Rwl
ql,

in. deg ao/a cpR
lb/sq ft Tp .

1.52 1.01 lo.~ 0:00 ~2.47x 105 31.5 0.267 0.273
1.52 . 1.01 8.40 .50 2.39 29.5 .652 .666
1.52 1.01 8,00 .62 2.38 30.3 ●667 .681
1.52

.-
1.01 7.50 .80 2.40

—
29.9 .682 .697

1.52 1.01 6.50 I;23 2.39 29.8 .679 .694
1.52 1.01 6.00 l.y 2.35 29.2

● 579 .591

.
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1.48
1.83
1.37
1.94
1.-%
1.66
1.66
1.66
1.22
.87
.68
.48
.27

TABLE VII.- Continued

PWORMANCE OF DIFFUS~ WITH VANES

(f) 26= 42.0°; WI = 3.00 inches; L/Wl = 8.52;

A2JA1 = 6.88; f = 15.0 inches; n = 5;

a 2e= -. 7.00°; a variable.n+~

o ● 533
● 533
● 533
.533
.533
● 533
● 533
.533
.475
.475
.475
.475
.475

b,
in.

0.431
● 533
.480
.574
.527
.473
.k73
.473
.772
.667
.609
.545
.475

ba + 2b
WI

1.00
1.07
1.03
1.09
1F06
1.03
1.03
1.03
1.14
1.08
1.04
.99
.95

2.37 X 105
2.57
2.42
2.42
2.41
2.72
2.47
2.39
2.42
2.38
2.59
2 .k6
2.43

~1,

lb/sq ft

29.’3
29.4
30.8
30.2
30.1
38.2
31.7
29.5
30.5
29.6
28.6
30.5
29.7

cpR

0.594
.513
.584
*593
.514
.692
● 597
.537
● 575
.717
.676
.668
.632

0.607
.524
:5&6

.523

.706

.609

.548

.587

.752

.690

.682

.646

.

.
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TABLE VII.- Continued

PERFORMANCE OF DIFFUSER WITH VANES

(g) Tests to detemine envelope of C%; WI = 3.00 inche6;

wl .,---

T29, L Wl
deg /

16.8 8.21
16.8 8.21
21.0 8.26
24.5 8.30
24.5 8.30
24.5 8.30
24.5 8.30
24.5 8.30
24.5 8.30
24.5 8.30
24.5 8.30
24.5 8.30
24.5 8.30
24.5 8.30
31.1 8.38
31.1 8.38
38.2 8.47
38.2 8.47
38.2 8.47

n

—

1

2
2
2
2
2.
2
2
3
3
3
3
3

;
3
5

?

f,
in.

15.cO
15.00
15.ci)
l~.oo
15.00
15.00
15.00
15:00
15.00
15.00
15.00
15.00
1~.oo
15.00
15.00
15:00
15.00
12.oo
L2.oo

c,
in.

2.72
L.48
2.19
1.02
1.02
1.02
1.02
1.02
1.94
1.94
1.94
L.%
1.94
1.94
1.81
1.75
1.84
L.&
1.72

n+l’

a,
deg

8.40
5.’60
7.03
LO.50
8.75
8.00
7.00
6.50
7.00
6.50
6.00
5.60
4.67
7.50’
6.25
7.77
6.33
6.33
7.60

so/a

----
1.00
1.00
.64
.87

1.00
1.21
1.35
.71
.85

1.00
1.14
1.57
.60
.99

1.00
1.00
1.00
1.00

t3/a= 1.2w

Rwl

2.44 X 105
2.45
2.40
2.40
2.59
2.40
2.40
2.39
2.37
2.37
2.37
2.38
2.38
2.39
2.37
2.43 _
2.48
2.39 .
2.34

ql,

.b/sq ft

50.2
30.0
30.3
30.3
29.5
29.7
29.8
30.1
29.7
29.6
29.6
29.2
29.4
29.4
29.7
31.3
31.7
30.3
29.2

cpR

).766
.745
.741
.734
.751
9755
.748
.756
.751
●759
.761
.752
.761
.739
.6M
.739
.584
.695
.674

1.838
.815
.798
.773
.791
●795
.788
.796
.791
.&la
.801
.792
.801
.778
.703
.764
.596
.712
.690

-’

.

.

—

.

.



NACA TN 4309 85

TAELE VII.- Concluded

PERFORMANCE OF DIFFUSER WITH VANES

(h) Tests with vanes selected by design criteria; 20 = 28.OO;

~=#-; a=2L = 7.00; b/a = 1.20; n = 3
n+l

1.33
1.60
2.00
2.00
2.40
2.40

R
4.00
6.00
6.00T

18.81 1.45
15.661.53
I-2.52~.56
12.52 1.56
10.44 1.73
10.44 1.73
8.351.57
6.262.14
6.262.14
4.182.64
4.182.64

0.33
.40
.50
.%
.60
.60
*75

1.00
1.00
1.X
1.X

f, IIf/a Rwl
I

Q
in. lb/sq ft

6.00
9.00

;::
lz!.oo
U2.oo
12.oo
15.00
15.00
15.00
1~.oo

18.00
2&.g

18:00
20.00
20.00
16.00
15.CQ
15.00
10.00
10.00

1.61x 105
1.58
1.53
2.36
;.g

1:60
2.42
1.62
2.38
1.62
.,

69.7
47.6
28.3
68.0
46.6
21.5
13.3
16.8
7.53
7.16
3.34

n%l’lp

0.721 0.728
.707 .717
.706 .721
.724 .739
.745 .766
.738 .759
.763 .795
●753 ●W
.753 .~
::;; .;@&

.

.

.
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EFFEcTol?

(a) m = h2 .OO; L/Wl

a=7.0°; n=5; a

TABLEIx

VANEEND CLEARANCE

= 8.0; RWl = 2.4 X 105;

= 0.475 inch; b/a = 1.4

f = 15;

(far. .

these configurations (
WIa = 0.475 < .)- the flows

were all fairly stew’ even thoughn ;/~’> 1.2)

.

.
Description

I %?.

Cluster against north wall, W clearance at south wall 0.692
Cluster centered .716
Cluster centered, both epds taped .~l

1

(b) 2e =28.0°; L/w~-8.o; %L=%k

a = 7.0°; n = 3; a = 0.750;

Xld; f=

b~a = 1.2

12 inches;

Description I cpR

Cluster against north wall, all clmance at south wall 0.766
Cluster centered :;$
Cluster centered, both ends taped

.
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Figure 1.- Typical vane installation.“
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-’.x”..%.. ..
4 ,

-0

k-
~
-.—-

!!%%? -----:“a-qWI#—..--.
-x

i

., —.. ●

T.. i 1

●’

L-58-2660

Figure 2.- Water table used in work of Moore and Kline (refs. 3 and 4).
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(a)

Figure 3.-

2e = 100. L/Wl= 8.2.

Ho apparent stalls.

(b) 2(3=15°. L./wl=G.23.

Transitory stall.

~icd dye trace photographs. lhlet flow conditions, wall length, and throat

width are held constant. Photographs are from raf erence 4.
El
z

, i * .



, ,

L“”+

(C) 29 = 70°. L/WI= 8.30.

Fully developed Blxdl.

Figure 3.- Concluded.

, I



2C

15

lC

aa Line of appreciable stall

bb Transition be$ween transitory and two-dimensional flow

cc Transition from two dimensional.to jet flow

dd Transition frcm jet to two-dimensional flow

-- Low turbulence High turbulence

Jet flow

) Hysteresis zone

c
_d <

d

{\\ ,

Two-dimensional

b
separation

\

a \\

-: }- “

b

Large transitory
}stall zone

\

k }- “
\\ a

Wo apparent
separation

Figure 4.- Regimes of diffuser flow (ref. 4).

.

.

.

.

.
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-.

(a) Southwest view (guard rail removed).

L-58-2661

(b) Southeast view (guardrail removed).

Figure 5.- General views of apparatus.
b

.



NACA TN 4309

.

. —

—

.—

—

.:
.—

6–

t?)-

(a) Side view.

+!%4
“\l\ I

@ ...
y+== -===<.=j w

I
(b) End view.

Figure 6.- Schematic view of test apparatus.
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~-=”’~ “ —-
—A. .—,. -.

__— — . ,, . . .. .

--- .-
/-’-% {

(a) North side. (b) Southwest oblique view showing
general arrangement.

L-58-2662

(c) Pillow block and shaft detail.

Figure 7.- Close-up views of apparatus.



wall

L
$! *-

-T
T_

e screw

(a) Fitting open to surroundings.

am.

er

(c) Fitting used as static-pref3mre tap.

— To
manometer

(b) Closed tith brass plug (normal condition). (d) F~ttimg used i%r probe access.

Figure 8.- Aluminum pressuretap fittlags.

UI
m

#



(a) Three-inch center vsne

end detail.

1 4

k-l—>-------==-----
(c) l’op view of typicel 3-inch odd-number

vme aaaembly.

3, f

(b) Three-Inch side vane

end detail.

Figure

(d) End view Of

three-vane

9.- ~~cal. V- assemblies.

typical 3-inch

assenibly.



(e)

(f) Long

0 El
f,

in. k

‘ ‘A
9

~

1’
2%’

15 ‘%

(/3)

Img center vsne end detail u

;1 )

side vaue end detail. (i) Thmmw end

for vain=

-sembly.

Lo=.-.-.---_---- 0---------- -=

Top view of typical assembly

long even-numbered vaues.

EM view of typicsl =saitdy of

I.ong even-numbered vanes.



(a) Assembly of odd-numbered

long vanes .
—

Ill
,.

1,

b1,
,,

!1 ‘
.1

v’

,,.
1’

11’

,,
,,1,

,.,
●

i, “

/

,“-

(b) Assenib~ of

1

even-numbered

long vane8.

(c) Even-numbered Vane assembly with modified holder mectiism.

Figure 10. - Typical vane-cluster asseniblies.

J I
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(a) End view showing five 12-inch vanes instslled in

L-58-2664

diffuser.

Oblique View Top View

(b) Vane-cluster supporting hooks.

Figure 11.- Typical vane indmllation.



NACA ~T 4309 101

1.2(

1.1(

1.0(

.8(

.7(

.6(
(

I Potential solutionl I
(v/vQ)

\ I

I

I

~ ~ v/v..— v

Difference due to
~ “wall effect” on II

Distance frcxuwall, in.

(a) Vertical plmesparallel to Mffwer sidewalls;

Figure 12.-

a = 7.00.

Inlet velocity and pressure profiles. Wl . 3.00 inches;

for constant total head, q - ~ = p - pQ.



..—

1*2C

1.1(

1.0(

<
>

.9(

.0

●7

.6

1
1

Potent ial solution

4

profiles with 5-15’‘

wales

I I
-3.0

7 II

(Pk - P)

2.0 3

-(q-q) j
\/ ,-

I .1 .3 .5 .7
Distance from wall, in.

1.0!

1.0:

>&
.9

2

.9

.8

●e

xl %iI

A 7.0 3.OX1O5

o ~.O 3.8

9 42.0 2.4

1.0 2.0 3.0 4.0

Distance from wall, in.

(b) Vertical-planes parallel to diffuser (c) Vertical center pl.aue perpendicular

side walls; M = 42.00. to diffuser side rolls.

Figure 12.- Concluded.
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(a) Boundary-layer traverse mechanism installed in the

.

(b) Schematic diagram of boundary-lsyer probe.

L-58-2665

diffuser.

Figure 13.- Bxndary-lsyer traverse.
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N v. in. y, in.

4.

w 5-

6-

%-

-3

-2 E

-1

View looking
down on throat

● 04

● 03

.02

.01

q

in.

●

v/vmax

“,

004

● o?

.02

.01

c
o

-.

*04

t
‘With trip— ● 03,

.02

● 01

.5 1.0 0 .5 1.0
v/vmax v/vmax

(a) If2cati0nW-~. With nO trip; (b) LocationE-2. With trip; 28 . ~.d;
2e . -f.&jw . O.OW in.; w - 0.CG79fro.;W* .0.- in.j
W+ . O.00~ in.,d H- I-78; E- l.fi. DMhed line indicate-
with trip, 8* - 0.0C82in., 1/7 lmr.
F.* . o.oyl~ in., ad E . l.f$.

y, in. Y. in.

1
-.

“ .o~

. .0;

.
● 02

.
.01

.0 0

“,

.04

.03

002

.01

●

v/v
max wvmax

.

.

.-/

(C)bC,tiOUW-4.With.tii~; % - ~.o”; (d) ~~ati~ E-3.With tiip; = - ~.&; (e) bxation w-6.With tfip;26.7.0°j “’W -0.~58 ti.j 6-- 0.~39h.; e,+. 0.CK174in.;8- = 0.W43In.; S*. O.@ in.j8* = 0.0054~.:
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Figure 19.- Vanelesfi diffuser pressure recovery and effectiveness. See table given in
figure 18 for description of flows at angles marked by data points.

Constant inlet
conditions. L/Wl z 8.o; WI = 3.OO inches; &l = 2.4 x 105.
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Fixed stall

(a) Unvaned diffuser: steady flow; two-dimensional fixed stall; poor
recovery.

l!rans

stall

(b) A near-optimum vsned diffuser: steady flow; symmetric transitory
stsll with some fixed stall; gcmd recovery.

Figure 21.- Comparison of separation patterns. 20 . 42.0°.
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Figure 24.: Pressure-recovery coefficient
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Figure 25.- Pressure-recovery coefficient plotted against ratio of vene
inlet area to diffuser inlet area. 20 . 42.0°; Wl = 3.00 inches;

L/w~=8.o; f =.15.0 inches; n = 5; a = 7.0°; Rwl = 2.4 X 105.
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Figure 27.- F’ressure-recovery coefficient at

optimwm vane location. 20 = 28.00;

WI = 3.00 inches; L/Wl$= 8.o;

Solid symlmls indicate 13igh turbulence

(f/a)m from figure 4.
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Figure 28.- Pressure-recovery ccefficiento

plotted against vane angle. 2L3 . 28.o ;

WI = 3.cM) inches; L/Wl~ 8.o;
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Rwl=2.4X 105; El=&; U.~j S

z
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Figure 30.- Pressure-recovery coefficient plotted against ratio of vane
inlet area to diffuser inlet mea. 2e = 28.0°; WI = 3.00 inches;

L/Wl w8.o; %1 = 2.4x 105; f = 12.0 inches; n = 3; a.= 7.00.
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Figure 35.- Diffuser performance curves for variedand unvaned units.
Vanes selected by design criteria.
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36.- Dimensionless exit velocity contours v2/V2i at 20 =
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37.- Dimensionless exit velocity contours v2/v2i at 20 = 2k.5°.

View looking upstresm.
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Figure 39.- Dimensionless exit velocity contours Vzpzi
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at 29 = 42.0°.
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